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As we proposed a few months ago,’ we have now solutely necessary to measure a change in the 


measured the effect, originally hypothesized by relative frequency that is produced by the per- 
Einstein,” of gravitational potential on the ap- turbation being studied. Observation of a fre- 
parent frequency of electromagnetic radiation by quency difference between a given source and 
using the sharply defined energy of recoil-free absorber cannot be uniquely attributed to this 
yrays emitted and absorbed in solids, as dis- perturbation. More recently, we have discovered 
covered by Méssbauer.* We have already re- and explained a variation of frequency with tem- 
ported* a detailed study of the shape and width of perature of either the source or absorber.® We 
the line obtained at room temperature for the conclude that the temperature difference between 
14.4-kev, 0.1-microsecond level in Fe®”. Partic- the source and absorber must be accurately 
war attention was paid to finding the conditions known and its effect considered before any mean- 
required to obtain a narrow line. We found that ing can be extracted from even a change observed 
the line had a Lorentzian shape with a fractional when the perturbation is altered. 
full-width at half-height of 1.13 x10~'? when the The basic elements of the apparatus finally 
source was carefully prepared according to a developed to measure the gravitational shift in 
prescription developed from experience. We have frequency were a carefully prepared source 
also investigated the 93-kev, 9.4-microsecond containing 0.4 curie of 270-day Co*’, and a care- 
level of Zn® at liquid helium and liquid nitrogen fully prepared, rigidly supported, iron film ab- 
temperatures using several combinations of sorber. Using the results of our initial experi- 
source and absorber environment, but have not ment, we requested the Nuclear Science and 
observed a usable resonant absorption. That work Engineering Corporation to repurify their nickel 
vill be reported later. The fractional width and cyclotron target by ion exchange to reduce cobalt 
intensity of the absorption in Fe*’ seemed suffi- carrier. Following the bombardment, in a special 
cient to measure the gravitational effect in the run in the high-energy proton beam of the high- 
laboratory. current cyclotron at the Oak Ridge National 

As a preliminary, we sought possible sources Laboratory, they electroplated the separated 
of systematic error that would interfere with Co*”’ onto one side of a 2-in. diameter, 0.005-in. 
measurements of small changes in frequency using thick disk of Armco iron according to our pre- 
this medium. Early in our development of the in- scription. After this disk was received, it was 
strumentation necessary for this experiment, we heated to 900°-1000°C for one hour in a hydrogen 
concluded that there were asymmetries in, or atmosphere’ to diffuse the cobalt into the iron 
frequency differences between, the lines of given foil about 3 x107° cm. 
combinations of source and absorber which vary The absorber made by Nuclear Metals Inc., 


ftom one combination to another. Thus it is ab- was composed of seven separate units. Each 
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unit consisted of about 80 mg of iron, enriched The absorption of the 14.4-kev y ray by air in F 
in Fe®*’ to 31.9%, electroplated onto a polished the path was reduced by running a 16-in. diam- ) 
side of a 3-in. diameter, 0.040-in. thick disk of eter, cylindrical, Mylar bag with thin end win- 
beryllium. The electroplating technique required dows and filled with helium through most of the | 
considerable development to produce films with distance between source and absorber. To | 
absorption lines of width and strength that satis- sweep out small amounts of air diffusing into the J | 
fied our tests. The films finally accepted, reso- bag, the helium was kept flowing through it at a 
nantly absorbed about 1/3 the recoil-free ) rays rate of about 30 liters/hr. 
from our source. Each unit of the absorber was The over-all experiment is described by the 
mounted over the 0.001-in. Al window of a block diagram of Fig. 1. The source was moved 
3 in. x1/4 in. Nal(T1) scintillation crystal in- sinusoidally by either a ferroelectric or a movin. 
tegrally mounted on a Dumont 6363 multiplier coil magnetic transducer. During the quarter of 
phototube. The multiplier supply voltages were the modulation cycle centered about the time of 
separately adjusted to equalize their conversion maximum velocity the pulses from the scintilla- 
gains, and their outputs were mixed. tion spectrometer, adjusted to select the 14.4- 
The required stable vertical baseline was con- kev y-ray line, were fed into one scaler ‘while, 
veniently obtained in the enclosed, isolated tower during the opposite quarter cycle, they were fed 
of the Jefferson Physical Laboratory.’ A statis- into another. The difference in counts recorded 
tical argument suggests that the precision of a was a measure of the asymmetry in, or frequency. 
measurement of the gravitational frequency shift shift between, the emission and absorption lines, 
should be independent of the height. Instrumental As a precaution the relative phase of the gating 
instability but more significantly the sources of pulses and the sinusoidal modulation were dis- 
systematic error mentioned above are less criti- played continuously. The data were found to be 
cal compared to the larger fractional shifts ob- insensitive to phase changes much larger than 
tained with an increased height. Our net operating the drifts of phase observed. 
baseline of 74 feet required only conveniently A completely duplicate system of electronics, 
realizable control over these sources of error. controlled by the same gating pulses, recorded 
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FIG. 1. A block diagram of the over-all experimental arrangement. The source and ab- 
sorber-detector units were frequently interchanged. Sometimes a ferroelectric and some- 
times a moving-coil magnetic transducer was used with frequencies ranging from 10 to 50 cps. 
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data from a counter having a 1-in. diameter, 
0.015-in. thick NalI(T1) scintillation crystal cov- 
ered by an absorber similar to the main absorb- 
er. This absorber and crystal unit was mounted 
to see the source from only three feet away. 

This monitor channel measured the stability of 

the over-all modulation system, and, because of 
its higher counting rate, had a smaller statistical 
uncertainty. 

The relation between the counting rate differ - 
ence and relative frequency shifts between the 
emission and absorption lines was measured 
directly by adding a Doppler shift several times 
the size of the gravitational shift to the emission 
line. The necessary constant velocity was intro- 
duced by coupling a hydraulic cylinder of large 
bore carrying the transducer and source toa 
master cylinder of small bore connected to a 
rack-and-pinion driven by a clock. 

Combining data from two periods having Dop- 
pler shifts of equal magnitude, but opposite sign, 
allowed measurement of both sensitivity and 
relative frequency shift. Because no sacrifice 
of valuable data resulted, the sensitivity was 
calibrated about 1/3 of the operating time which 
was as often as convenient without recording the 
data automatically. In this way we were able to 
eliminate errors due to drifts in sensitivity such 
as would be anticipated from gain or discrimina- 
tor drift, changes in background, or changes in 
modulation swing. 

The second order Doppler shift resulting from 
lattice vibrations required that the temperature 
difference between the source and absorber be 
controlled or monitored. A difference of 1°C 
would produce a shift as large as that sought, so 
the potential difference of a thermocouple with 
one junction at the source and the other at the 
main absorber was recorded. An identical sys- 
tem was provided for the monitor channel. The 
recorded temperature data were integrated over 
a counting period, and the average determined 
to 0.03°C. The temperature coefficient of fre- 
quency which we have used to correct the data, 
was calculated from the specific heat of a lattice 
having a Debye temperature of 420°K. Although 
at room temperature this coefficient is but weakly 
dependent on the Debye temperature, residual 
error in the correction for, or control of, the 
temperature difference limits the ability to meas- 
ure frequency shifts and favors the use of a large 
height difference for the gravitational experiment. 

Data typical of those collected are shown in 
Table I. The right-hand column is the data after 





correction for temperature difference. All data 
are expressed as fractional frequency shift x10*°. 
The difference of the shift seen with 7 rays rising 
and that with y rays falling should be the result 
of gravity. The average for the two directions 

of travel should measure an effective shift of 
other origin, and this is about four times the 
difference between the shifts. We confirmed that 
this shift was an inherent property of the particu- 
lar combination of source and absorber by meas- 
uring the shift for each absorber unit in turn, 
with temperature correction, when it was six 
inches from the source. Although this test was 
not exact because only about half the area of each 
absorber was involved, the weighted mean shift 
from this test for the combination of all absorber 
units agreed well with that observed in the main 
experiment. The individual fractional frequency 
shifts found for these, for the monitor absorber, 
as well as for a 11.7-mg/cm? Armco iron foil, 
are displayed in Table Il. The considerable var- 
iation among them is as striking as the size of 
the weighted mean shift. Such shifts could result 
from differences in a range of about 11% in ef- 
fective Debye temperature through producing 
differences in net second order Doppler effect. 
Other explanations based on hyperfine structure 
including electric quadrupole interactions are 
also plausible. Although heat treatment might be 
expected to change these shifts for the iron-plated 
beryllium absorbers, experience showed that the 
line width was materially increased by such 
treatment, probably owing to interdiffusion. The 
presence of a significant shift for even the Armco 
foil relative to the source, both of which had re- 
ceived heat treatments, suggests that it is unlikely 
one would have, without test, a shift of this sort 
smaller than the gravitational effect expected in 
even our “two-way” baseline of 148 feet. The 
apparently fortuitous smallness of the shift of 
the monitor absorber relative to our source cor- 
responds to the shift expected for about 30 feet 
of height difference. 

Recently Cranshaw, Schiffer, and Whitehead® 
claimed to have measured the gravitational shift 
using the y ray of Fe®’. They state that they be- 
lieve their 43% statistical uncertainty represents 
the major error. Two much larger sources of 
error apparently have not been considered: (1) 
the temperature difference between the source 
and absorber, and (2) the frequency difference 
inherent in a given combination of source and 
absorber. From the above discussion, only 0.6°C 
of temperature difference would produce a shift 
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Table I. 


Data from the first four days of counting. 


——, 


The data are expressed as fractional frequency differences 


between source and absorber multiplied by 105, as derived from the appropriate sensitivity calibration. The 
negative signs mean that the y ray has a frequency lower than the frequency of maximum absorption at the ab- 














sorber. 
Shift Temperature Net 
Period observed correction shift 
Source at bottom 
Feb. 22, 5 p.m. -11.5+3.0 -9.2 -20.7+3.0 
-16.4+2.2% -5.9 -22.3+2.2 
-13.8+1.3 -5.3 -19.1+1.3 
-11.9+2.12 -8.0 -19.9+2.1 
-8.7+2.0% -10.5 -19.2+2.0 
Feb. 23, 10 p.m. -10.5+2.0 -10.6 -21.0+2.0 
Weighted average=-19.7+0.8 
Source at top 
Feb. 24, 0 a.m. -12.0+4.1 -8.6 -20.6+4.1 
-5.7+1.4 -9.6 -15.3+1.4 
-7.442.1% -7.4 -14.8+2.1 
-6.5+2.1% -5.8 -12.3+2.1 
-13.9+3.1% -7.5 -21.4+3.1 
-6.6+3.0 -5.7 -12.3+3.0 
Feb. 25, 6 p.m. -6.5+2.0% -8.9 -15.4+2.0 
-10.0+2.6 -7.9 -17.9+2.6 


Weighted average=-15.5+0.8 
Mean shift =-17.6 +0.6 
Difference of averages= -4.2+1.1 





4These data were taken simultaneously with a sensitivity calibration. 


Table Il. Data on asymmetries of various absorb- 
ers in apparent fractional frequency shift multiplied 
by 105, In the third column we tabulate the Debye 


temperature increase of the absorber above that of the 


source which could account for the shift. 








Absorber (Av/v)x10% Aép in °K 

No. 1 -8.4+2.5 +15+4 
No. 2 -24+3.5 +41+6 
No. 3 -28 + 3.5 +48 +6 
No. 4 -19 +3.5 +33 +6 
No. 5 -24+3.5 +4126 
No. 6 -17+2.5 +29 +4 
No. 7 -19 +3.5 +33 +6 
Weighted mean 

of No. 1-No. 7 -19 +3.0 +33 +5 
Monitor absorber +0.55+0.15 -0.95 + 0.26 
Armco foil +10 +3.5 -172+6 
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as large as the whole effect observed. Their 
additional experiment at the shortened height dif- 
ference of three meters does not, without con- 

comitant temperature data, resolve the question 


of inherent frequency difference. Their stated 
disappointment with the over-all line width ob- 
served would seem to add to the probability of 
existence of such a shift. They mention this 
broadening in connection with its possible influ- 
ence on the sensitivity, derived rather than 
measured, owing to a departure from Lorentzian 
shape. Clearly such a departure is even more 
important in allowing asymmetry. 

Our experience shows that no conclusion can 
be drawn from the experiment of Cranshaw et al. 
If the frequency-shift inherent in our source- 
absorber combination is not affected by inversion 
of the relative positions, the difference between 

shifts observed with rising and falling y rays 
measures the effect of gravity. All data collected 
since recognizing the need for temperature cor- 
rection, yield a net fractional shift, -(5.13+0.51) 
x107'5. The error assigned is the rms statistical 
deviation including that of independent sensitivity 
calibrations taken as representative of their re- 
spective periods of operation. The shift observed 
agrees with -4.92x107**, the predicted gravita- 
tional shift for this “two-way” height difference. 















ed 
Ib- 
of 


flu- 


cted 
r- 

.51) 
tical 


YoLUME 4, NUMBER 7 





PHYSICAL REVIEW LETTERS 


APRIL 1, 1960 





expressed in this unit, the result is 
(4) 0/4” neor =+1.05+0.10, 






where the plus sign indicates that the frequency 
increases in falling, as expected. 

These data were collected in about 10 days of 
operation. We expect to continue counting with 
some improvements in sensitivity, and to reduce 
the statistical uncertainty about fourfold. With 
our present experimental arrangement this should 
result in a comparable reduction in error in the 
measurement since we believe we can take ade- 
quate steps to avoid systematic errors on the re- 
sulting scale. A higher baseline or possibly a 
narrower y ray would seem to be required to 
extend the precision by a factor much larger than 
this. 

We wish to express deep appreciation for the 
generosity, encouragement, and assistance with 
details of the experiment accorded us by our 
colleagues and the entire technical staff of these 
laboratories during the three months we have 

















been preoccupied with it. 
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TEMPERATURE-DEPENDENT SHIFT OF y RAYS EMITTED BY A SOLID 


B. D. Josephson 
Trinity College, Cambridge, England 
(Received March 11, 1960) 


Recent experiments by Méssbauer’ have shown 
that when low-energy y rays are emitted from 
nuclei in a solid a certain proportion of them are 
uaffected by the Doppler effect. It is the pur- 
pose of this Letter to show that they are never- 
theless subject to a temperature-dependent shift 
to lower energy which can be attributed to the 
relativistic time dilatation caused by the motion 
of the nuclei. 

Let us regard the solid as a system of inter - 
acting atoms with the Hamiltonian 


H =2p 2 /2m., +V(r,, Nag? ). 


The Méssbauer effect is due to those processes 
in which the phonon occupation numbers do not 
change. It might appear that in such cases the 
energy of the solid is unaltered, but this is not 
80, as the nucleus which emits the y ray changes 
its mass, and this affects the lattice vibrations. 
Suppose the nucleus of the ith atom emits a y ray 
of energy E, its mass changing by 6m; = -E/c’. 


The change in energy, 5E, of the solid is given 
by 


65E =( AH) = 5(p?/2m ») = -dm <p? /am *) 
= (Sm /m JT; = (E/m c’)T ., 


where 7; is the expectation value of the kinetic 
energy of the ith atom. The energy of the y ray 
must accordingly be reduced by 6E so there is a 
shift of relative magnitude 5E /E =T;/mj;c’. The 
same formula can be deduced by regarding the 
shift as due to a relativistic time dilatation. 

To estimate T; we make the following assump- 
tions: (i) The atoms all have the same mass, 
and the kinetic energy is equally distributed 
among them. (ii) The kinetic energy is half the 
total lattice energy, i.e., we assume that the 
forces coupling the atoms are harmonic. Under 
these assumptions T;/m; = $U, where U is the 
lattice energy per unit mass. The relative shift 
is thus given by 6E/E =U/2c*. For Fe at 300°K 
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this has the value 8x107"*. Clearly a compen- y rays, such as those to measure the gravitation. 
sating shift would occur for absorption provided al red shift.?** 

source and absorber were identical and at the I would like to thank Dr. Ziman, Professor 
same temperature. A small difference in tem- O. R. Frisch, and Dr. W. Marshall for helpful 
perature between source and absorber leads to discussions. 

a ee age ae ee mh —ingel 'R. L. Mossbauer, Z. Physik 151, 124 (1958). 
where C, is the specific heat. For Fe at 300°K *, V. Found end G. A. Melia, Page. Rev. Leta 
this is 2.2x107"°/°K. This is sufficient for it to 3, 554 (1959). 

be necessary to take it into account in accurate 37. E. Cranshaw, J. P. Schiffer, and A. B. White. 
experiments using the resonance absorption of head, Phys. Rev. Letters 4, 163 (1960). 





UPPER LIMIT FOR THE ANISOTROPY OF INERTIAL MASS FROM 
NUCLEAR RESONANCE EXPERIMENTS* 


V. W. Hughes, H. G. Robinson, and V. Beltran- Lopez 
Gibbs Laboratory, Yale University, New Haven, Connecticut 
(Received March 2, 1960) 


Mach’s principle states that the inertial mass potential due to the anisotropic mass term Am is 
of a body is determined by the total distribution — 
of matter in the universe; if the matter distribu- AE =(4m/m)T P,(cos6). (2 
tion is not isotropic, it is conceivable that the 
mass of a body depends on its direction of accel- 
eration and is a tensor rather than a scalar 
quantity. Thus the matter in our galaxy is not 
distributed isotropically with respect to the 
earth, and hence the mass of a body on the earth 
may depend on the direction of its acceleration 
with respect to the direction towards the center 
of our galaxy. Cocconi and Salpeter’ have pro- 
posed that the total inertial mass of a body on 
the earth be considered the sum of an isotropic 
part m and an anisotropic part Am, and that the 
contribution to the mass of a body on the earth 
due to a mass SN a distance r away from the body 
is proportional to 0 /r’ (0<v<1). The ratio of 
4m, due to a mass 9i.a distance ry away, tom, 
due to the total mass in the universe, is 


Here T is the average kinetic energy of the par- 
ticle, P, is the Legendre polynomial of order 2, 
and @ is the angle between the direction of ac- 
celeration of the particle (determined by the 
direction of an external magnetic field H and by 
the magnetic quantum state) and the direction to 
the galactic center. This equation is based on 
the assumption that Am varies as P,(cosé). The 
first experiment suggested was to observe the 
Zeeman splitting in an atom’ and the second was 
to observe the Zeeman splitting in the excited 
nuclear state of Fe™ by use of the Méssbauer 
effect. [The change in binding energy due to 
4m will not be given exactly by Eq. (2) in the 
nuclear case, but if the nucleus is idealized as 
a single particle in a spherically symmetric 
square well potential a similar type of equation 
applies.] For both experiments effects are to be 





4m _ Ml 3-V (1) 


a 4npR™ - pv)’ measured as a function of the angle 6. The 
models used for the atom and the nucleus are 
in which p=average density of matter in the uni- adequate for the order of magnitude estimate we 
verse (10-?® g/cm’) and R = radius of the universe require for AE. 
(3107? cm).? If Am is ascribed to our own gal- In this Letter we report an experiment using 
axy, then r=2.5x 10? cm and m=3x10 g, nuclear magnetic resonance in the ground state 
where the total mass of the galaxy is considered of nuclei to test for the anisotropy of mass. 
concentrated at its center. Hence for v=1, This method gives a sensitivity some factor of 
Am/m =2x10-° and for v=0, Am/m=3x10-?*. 10° greater than could be achieved in the experi- 
Cocconi and Salpeter have suggested several ment suggested by Cocconi and Salpeter using 
experiments to test for this anisotropy of mass the Méssbauer effect. In addition, we report 
based on the observation that the contribution to experiments on the Zeeman effect in atoms of 
the binding energy of a particle in a Coulomb the first type suggested by Cocconi and Salpeter. 
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We discuss first the atomic Zeeman experi- 
ments. There are at least two methods of search- 
ing for the effect of mass anisotropy in an atomic 
state with orbital angular momentum quantum 
number L > 1 and with total angular momentum 
quantum number J > 3/2. One method is to ob- 
serve, for example, the frequency of the Zeeman 
transition M ;=+3/2-—-M ;=+ 1/2 in the *P,, state 
as a function of the relative orientation of the 
direction of the magnetic field and the direction 
tothe galactic center. In our experiment with 
our electromagnet fixed to the earth and with the 
magnetic field pointing approximately in the 
north-south direction, the change in relative 
orientation is achieved as a function of time due 
tothe rotation of the earth. In New Haven at 41° 
latitude at a certain time in the sidereal day the 
south direction in the horizontal plane points 
within 22 degrees towards the center of our gal- 
axy; 12 hours later this same direction along the 
earth’s horizontal plane points 104 degrees away 
from the galactic center. It is important, of 
course, that the frequency standard with respect 
to which the Zeeman transition frequency is 
compared shall itself exhibit no mass anisotropy 
effect. Most Zeeman transition frequency meas- 
urements such as those quoted by Cocconi and 
Salpeter’ have been referred to crystal oscillator 
secondary standards calibrated occasionally 
against the signal from WWV, and hence because 
of possible mass anisotropy effects in the crystal 
oscillator are not suitable for the present pur- 
pose. In our experiment a frequency derived 
from the cesium atomic frequency standard (Na- 
tional Company Atomichron) was used. The 
transition (F , M ;,) = (4, 0)--(3, 0) used in this fre- 
quency standard* will not exhibit any mass ani- 
sotropy effect. The magnetic field is maintained 
constant with a proton resonance probe whose 
resonance frequency is compared with the Atom- 
ichron frequency. For a constant magnetic field 
the proton resonance frequency will exhibit no 
mass anisotropy effect. The transition M,=+3/2 
~Mj,=+1/2 with M;=+3/2 in the *P,, state of 
CI* was observed over a twelve-hour period. No 
variation with time of the Zeeman transition 
frequency occurring at about 9190 Mc/sec ina 
magnetic field of 4730 gauss was observed within 
the experimental error of 30 kc/sec. If the elec- 
tronic structure of chlorine, which is an atom 
lacking one electron to complete the outer 3p 
shell, is treated as a hole moving in a Coulomb 
Potential due to the nucleus and electrons, the 
Upper limit to Am/m of 107*° is obtained. 


A second method is to observe the frequencies 
of two Zeeman transitions where the intervals 
would be affected differently by any mass ani- 
sotropy. It is only necessary to observe the two 
transitions at the time at which the direction to 
the galactic center is such as to maximize the 
mass anisotropy effect. Simple experimental 
data of this type are available from the Zeeman 
transitions AM 7;=+1, +2 in the *P, state of 
atomic oxygen. From these data it can be de- 
duced that Am/m <10-?°. 

By far the most sensitive test is obtained from 
a nuclear magnetic resonance experiment on an 
appropriate nucleus in its ground state. Con- 
sider the Li’ nucleus in its ground state which 
has nuclear spin/=3/2. In a magnetic field 
there will be four energy levels corresponding 
to the allowed values of the magnetic quantum 
number M;. In the absence of any mass anisot- 
ropy, adjacent levels are equally spaced and a 
single nuclear resonance line will be observed. 
If the mass anisotropy effect is present, there 
will be three different intervals which will lead 
to a triplet nuclear resonance line, if the struc- 
ture is resolved, or to a single broadened line if 
the structure is unresolved. Over a twelve-hour 
period, the resonance line for Li’ was observed 
in a 1N water solution of FeCl, saturated with 
LiCl. The magnetic field of about 4700 gauss 
was stabilized against the proton resonance fre- 
quency with the Atomichron as a frequency stand- 
ard. Only a single line was observed. The line 
width of 4.3 parts per million is due primarily 
to the inhomogeneity of the magnetic field and 
from the width of the proton resonance line 
should be (5.041) parts per million. Hence a 
broadening of no greater than 8 cps could be due 
to the effect of mass anisotropy. If the nuclear 
structure of Li’ is treated as a single P,, proton 
in a central nuclear potential,® the limit Am/m 
<10-*° is obtained. The increase in sensitivity 
over that which one could obtain from the Méss- 
bauer effect is due to the far narrower line width 
obtainable for a transition with a nucleus in its 
ground state as compared with a nucleus in an 
excited state. 

The limit here obtained of Am/m < 10~*° is far 
less than the value of 3x10~*° obtained by setting 
v=0 in Eq. (1). Hence it seems that within the 
framework of the Mach theory as discussed by 
Cocconi and Salpeter one should conclude that 
there is no anisotropy of mass of the type which 
varies as P,(cos@) associated with effects of 
mass in our galaxy. 
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In the interest of completeness we intend to 
improve the sensitivity of the nuclear resonance 
experiment at least one order of magnitude by 
obtaining a narrower line width. We shall study 
the nuclear resonance signal of nuclei consisting 
of closed shells plus or minus one nucleon. Also 
we shall search for an anisotropic mass which 
varies other than as P,(cosé@) by studying nuclear 
resonance signals of nuclei with spin greater 
than 3/2. Finally, since in the spirit of this in- 
vestigation it is not necessarily excluded that 
mass anisotropy could be associated with a point 
in the universe other than the center of our gal- 
axy, we shall study the nuclear resonance signal 
with respect to any arbitrary direction. 

It is a pleasure to thank Professor H. Smith 
and Professor R. Wildt of the Yale Astronomy 
Department and Professor E. E. Salpeter for 


ee, 


helpful and enlightening discussions. 
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SIGNIFICANCE OF ELECTROMAGNETIC POTENTIALS IN THE QUANTUM THEORY IN THE 
INTERPRETATION OF ELECTRON INTERFEROMETER FRINGE OBSERVATIONS 


Frederick G. Werner 
Physics Department, University of Cincinnati, Cincinnati, Ohio 


and 


Dieter R. Brill 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
(Received March 7, 1966) 


The effects of electromagnetic potentials in 
quantum theory recently discussed by Aharonov 
and Bohm! and also by Furry and Ramsey,” and 
a decade ago by Ehrenberg and Siday,® have been 
the subject of some lively discussion* regarding 
experimental observations. Interference fringes 
have been observed’ ® in electron interferometers 
in which electron beams are split into separate 
component beams which travel along spatially 
separated paths before being recombined to pro- 
duce the interference. One of the effects in 
question would be an observable shift of inter- 
ference fringes produced by a quite small amount 
of magnetic flux passing between the two com- 
ponent beams, but confined completely to regions 
not penetrated by the beams, for example by 
means of a long solenoid. The presence of such 
a magnetic field would thus be detected in spite 
of the fact that none of the detecting apparatus 
ever actually entered any of the region of that 
field. 

The question has arisen whether the existence 
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of such an effect can be ruled out already, in the 
light of the fact that electron interference fringes 
have actually been observed. Marton has in- 
formed us that stray 60-cycle magnetic fields 
were present in his electron interferometer such 
that the magnetic flux passing between the beams 
was quite large in comparison with the very 
small amount of flux predicted to be needed to 
change the relative phase of the two component 
beams by 27. It was thought at first that if the 
effect predicted by quantum theory referred to 
above had indeed been present, the interference 
fringes would have been shifted back and forth 
sixty times each second during the exposure by 
such large amounts that they could not possibly 
have been seen.” After considerable discussion 
at Princeton, National Bureau of Standards, 
Swarthmore, New York, and elsewhere, it was 
finally realized, during the New York meetings 
of the American Physical Society, that the changé 
in length of the two component electron beams, 
due to their being bent in actually passing throug! 
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, magnetic field of this sort, surely must be 
taken into account. Furthermore, order of mag- 
situde calculations at that time led to the con- 
clusion that the effect of magnetic potential, ra- 
ther than being absent, actually contributed sig- 
nificantly to the stability of the fringe pattern in 
spite of such beam bending.® A detailed treat- 
ment follows. 

In the Marton-type interferometer schematic- 
ally indicated in Fig. 1(a) the incoming beam at 
the top (solid line) is amplitude-split by a very 
thin crystal C,, into a zero-order beam (vertical 
dashed line) continuing in the same direction, 
and a first order beam (slanting dotted line) 
which makes an angle @ with the original beam 
direction. After travel distances J, and m,, re- 
spectively, these beams meet another very thin 
crystal C,, where both beams are diffracted, 
partly into beams (slanting dashed line and ver- 
tical dotted line) which come together at a third 
very thin crystal C, after travelling additional 
distances 1, and m,, respectively. At C, the 
beams are again diffracted, each partly into the 
vertical direction of the outgoing beams at the 
bottom (dash-dotted vertical line). If the geom- 
etry and the crystals were ideal, these two com- 
ponent beams would superpose constructively 
with no angle between them. However, due to 
nonideal geometry and crystal warp the two 
beams fail to coincide exactly, differing not only 
in phase, but also in direction by the very small 
angle @. In contrast to the first diffraction angle 
8, this angle of deviation from parallelism @ can 
be made sufficiently small so that fringes result- 
ing from interference of these two nearly parallel 
component beams can be observed. 

In the presence of a weak uniform magnetic 
field H coming out from the plane of the paper in 
Fig. 1(b) the component beams will follow circle 
arcs, 1,’, m,’, 1,’, andm,’. These circles all 
have the same radius, 

cp _2nhc 1 
- |-elH e Hy’ 
where (-e) is the electron charge, p the magni- 
tude of momentum of the electrons, and ) the 
wavelength. The angle through which a beam is 
bent after travelling an arc length L is T=L/R. 
The angle between m, and the chord joining the 
ends of m,’ is 
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27,=2m,'/R=3m,/R 


to first order in the magnetic field strength 
H=2a(he/e)/(AR). As shown in more detail in 
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(c) 


FIG. 1. Schematic diagram of component beam 
paths (dashed and dotted lines) in a Marton-type three- 
crystal electron interferometer: (a) in the absence of 
magnetic field; (b) with beams being bent by a uniform 
magnetic field coming out from the page. (c) Shown in 
enlarged detail is the region in (b) where original and 
displaced beam components ™, and m,’ meet the second 
thin crystal C,. 


the enlargement of Fig. 1(c), the line m,’ ex- 
ceeds in length the line m, by the amount 


Am,=m,' -m,+[m,(37,) |tand =3(m ,?/R) tand. 
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Since the angle of diffraction between /,’ and /,’ 
is the same as it was between /, and /,, the angle 
between /, and the chord joining the ends of /,’ is 


~ 





, i 
2’: ital, 


wees 
R*R R 


bl- 


The excess of 1,’ over /, is then 


2 hah), tan 


Al, 
The differences in length between /,’ and/,, and 
between m,’ and m, are both smaller by another 
order in H. 

Substituting the distance D between the thin 
crystals for /, and D/cosé@ for m, and /,, we 
have the change in the difference between path- 
lengths of the two component beams from C, 
through C, to C,, resulting from bending of the 
beams by the uniform magnetic field H, 


is. SiS 1 D? 
a, ~ae,° R bo . ze cosé cane 2R cos?6 tans 
- @ 2 tané 
~ Qahe cosé* 








As pointed out by Aharonov and Bohm’ and by 
Ehrenberg and Siday,*® the change in phase differ- 
ence between the two component beams from 
their differences in magnetic potential in the 
presence of magnetic flux passing between the 
two component beams is 


(-e) ge Se) 


= £ A-dx H (area between beams) 


ba HD? tané. 
he 


Taking into account the negative sign of the 
charge of the electron and combining this effect 
with the change in phase difference due to length 
change from beam bending, we have the net 
change in relative phase, 


e 1 

— HD? 1, 

he as: om 

to first order in H. For small diffraction angle 
@, this is approximated by 


5 


5=(e/hc) HD*9*/2. 


In terms of the distance of maximum separation 
d, and the difference in length € between /, and 
m,, this is 


5 =(e/hc) Hed/2. 
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This is just (e/fc) times the magnetic flux 
through the very smali triangle of base d and al- 
titude € in contradistinction to that through the 
very much larger parallelogram between the 
component beams. For practically perfect geom. 
etry, where the fringe width is very large, this 
means that for a uniform magnetic field the 
change in phase due to the integral of the mag- 
netic potential is almost perfectly compensated 
by the change in phase due to the change in 
length of the component beams resulting from 
bending. 

In fact, for proper adjustment of the geometry, 
the small angle of deviation from parallelism of 
outcoming component beams ¢ can be made such 
that this small relative phase change just com- 
pensates for the sidewise displacement (due to 
bending) of the place where the component beams 
join to form the interference fringes. In this 
case, when the magnetic field strength has 
reached the value H,. which results in bending 
the beams into arcs of radius R, so that the point 
of recombination at C, is displaced by one whole 
fringe spacing, the net change in the relative 
phase of the beams 6, due to both beam length 
change and the magnetic vector potential integral, 
will reach the value 27. Here the positions of 
the maxima and minima of the fringes are un- 
displaced to first order in H by the presence of 
the uniform magnetic field, which in this case 
only changes the relative intensity of illumina- 
tion of the fringes. 

Far from being absent, the effect of the change 
of relative phase from magnetic potentials is 
essential for the observation of fringes in a 
Marton-type electron interferometer in the pre- 
sence of uniform magnetic fields which vary 
slowly with time. 

We are grateful to E. P. Wigner, R. Brill, 

L. Marton, W. H. Furry, N. F. Ramsey, and 
R. N. Euwema for very stimulating discussions 
on this point. 
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tate an ‘unorthodoxy” or break from present quantum 
theory. 

i,, Marton, J. Arol Simpson, and J. A. Suddeth, 
Rev. Sci. Instr. 25, 1099 (1954). 

‘g, Mollenstedt and H. Diiker, Naturwissenschaften 
42, 41 (1954). 
“Wthis was discussed by Dr. H. Mendlowitz in a post- 
deadline paper at the January, 1960 New York Meeting 
of the American Physical Society. 

‘after the presentation of the paper of Furry and 


Ramsey at the meeting in New York we were pleased 

to learn, in discussion with Professor Ramsey, that 

he had also reached the same conclusion independently 
in discussion with Dr. H. Mendlowitz. Dr. Marton 
kindly sent us comments by Dr. Mendlowitz on a pre- 
liminary draft of this Letter, indicating that in calcula- 
tions carried out at the National Bureau of Standards 
Dr. Z. Bay and he also arrived (from a slightly dif- 
ferent approach) at essentially the same conclusion. 





MICROWAVE WHISTLER MODE PROPAGATION IN A DENSE LABORATORY PLASMA* 


R. M. Gallet, J. M. Richardson, B. Wieder, and G. D. Ward 
Boulder Laboratories, National Bureau of Standards, Boulder, Colorado 


and 


G. N. Harding 
Atomic Energy Research Establishment, Harwell, England 
(Received February 12, 1960) 


If plane wave Solutions which retain constant 
polarization are sought to the wave equation ap- 
plicable to propagation at angular frequency w 
ina homogeneous plasma in a magnetic field H,, 
one finds the indices of refraction for the char- 
acteristic ordinary and extraordinary wave given 
by Appleton’s equation, *»? 


x 


‘ 1-2¥,°/(1-X) + [4¥,4/(1-X)* + a » (1) 





n=l 


where X=w,?/w®; Y=wy,/w; Y,=Ycosé; Yr 

= sind; wy = (4nNe*/e,m), the plasma frequen- 
cy for electron density N; w,,=UoHgé/m, the 
electron gyro frequency; and @ is the angle be- 
tween H, and the wave normal. Here the colli- 
sion frequency v is neglected, and the ion plasma 
and ion gyro frequencies are assumed negligibly 
small. Propagation occurs for real positive n. 
The usual modes used for diagnostics are for 
W>w», requiring inconveniently large w for even 
moderately dense plasmas. Another propagating 
mode occurs when w<wy, for right-hand cir- 
cular polarization, and cos# near unity. This 
mode has recently been used to explain extra- 
terrestrial very low frequency propagation asso- 
tiated with lightning discharges® and very low 
frequency emissions in the exosphere of the 
earth* and has been called the “whistler” mode. 
It is characterized by an index of refraction 
greater than unity and confinement of the radiated 
energy to a narrow cone along Hi,- 


One of us (R. M. G.) pointed out at the 1958 
summer International School of Physics, Varenna, 
Italy, the usefulness of the whistler mode for 
plasma diagnostics particularly under conditions 
such that the refractive index becomes very 
large (of the order of 100 or more) and suggested 
that a large, slow thermonuclear machine such 
as the ZETA’ at Harwell, England, would offer 
the best initial laboratory medium for observa- 
tion of this mode. Through the efforts of Thone- 
mann and Pease an invitation was extended by the 
Atomic Energy Research Establishment, Harwell, 
to the American authors to attempt such experi- 
ments on ZETA. 

In ZETA, w,/2n~ 100 kMc/sec, wy/2n=3 to 
40 kMc/sec, and y~10" sec~*. If we choose 
w/2n~3 kMc/sec, then X 1600, Y=1 to 10, and 
v is satisfactorily small. Under these conditions 
we can simplify the expression for n*. For pro- 
pagation along H,, 

w ,?/w? 
ne, (2) 
(w Hy w)-1 
provided v<<wy)-w. 

Measurement of nm at two frequencies permits 
solution for w, and w,, and hence N and H,. As 
the propagation is sharply beamed, two receiving 
antennas may be used to define direction so that 
in fact H, is measured. This technique could be 
used to map the magnetic field in a dense plasma. 
Both N and H, are obtained as a function of time. 
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The index, n, may be measured by pulse transit 
time or interferometric methods. The highly 
dispersive qualities of the medium permit the 
use of FM interferometric techniques to obtain 
phase information to good accuracy. 

For small losses, described by a complex in- 
dex of refraction n,=n-ig, the attenuation rate 
(for field amplitude) may be shown to be 


a =wq/c = pon/2ew ,(1-w/w,,). (3) 


Spitzer® gives 
v=3.74 NT~*(15.92 - InN’?T~*?), (4) 


Measurement of a yields pv and leads to T. 

Propagation in the whistler mode near 3000 
Mc/sec for W p/w >2 was observed between 
cross-polarized short electric dipole antennas 
over paths up to 24 cm along the ZETA torus 
axis as in Fig. 1, where H, is expected to be 
axial. Figure 2 shows an example of the received 
signal. It is cut off at the onset of ionization as 
w, becomes greater than w; it remains absent 
until the mode opens by virtue of the gyro fre- 
quency exceeding the applied frequency; then a 
saturated signal is recorded until the mode 
closes. The current through the gas is shown on 
the lower trace. With the transmitter off, there 
is no signal greater than the noise level, for this 
discharge condition in which the current decays 
smoothly. The reproducibility of the propagation 
in a series of discharges under the same condi- 
tions is often excellent. 

Emission of strong bursts of noise of non- 
thermal origin is observed under other discharge 
conditions, in which the current through the gas 
decays almost discontinuously. This occurrence 
is displayed in Fig. 3(a), taken with the trans- 
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FIG. 1. Orientation of antennas. 
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FIG. 2. Onset and extinction of 3300-Mc/sec trans- 
mission along ZETA torus axis (wp/wo 50 and w/w 
~ 2 at current peak). 


400 


300 


8 


PLASMA CURRENT 


KILOAMPS 


loom 






ARBITRARY UNITS 


RECEIVER OUTPUT 


<< TIME (MILLISECONDS) 


FIG. 3. (a) 2800-Mc/sec noise emission from 
ZETA plasma; transmitter off. (b) Superposition of 
signal and of noise emission, 2800 Mc/sec (wp/w= 40 
and wyy/w= 2 at current peak). 


mitter off. Other less intense bursts appear 
often associated with small but rapid fluctuations 
in the gas current. While these emissions are 
clearly related to the occurrence of instabilities 
in the plasma, their mechanism is still unknown. 
One possibility is the Cerenkov radiation due to 
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the runaway electrons, when the phase velocity 

at the observed frequency becomes equal to or 
smaller than the velocity of the electrons. This 
occurs because the refractive index has typical 
values of the order of 100 in the present condi- 
tions, and goes to much larger values when w/w H 
approaches unity due to changes in the value of 
the magnetic field. 

The superposition of the emissions and the pro- 
pagated microwaves with the transmitter on is 
exhibited in Fig. 3(b), taken exactly in the same 
conditions as Fig. 3(a) during the shot immedi- 
ately preceding. The two maxima have a com- 
pletely different origin, but it is easy to under- 
stand the structure of this signal which is more 
complex than Fig. 2. The signal recovers at 
long times as Wp becomes small by recombina- 
tion. 

Preservation of coherence of the radiation 
during transmission was observed by allowing 
the outputs of two antennas, spaced along differ- 
ent paths from a transmitting antenna, to inter- 
fere at the i.f. frequency. Each of the two de- 
tected receiver outputs separately resembles 
Fig. 1. When allowed to interfere, the detected 
output of the resultant showed clearly recogniz- 
able fringes caused by relative variations in the 
optical paths during the pulse. These fringes 
occur rapidly compared to the pulse duration for 
some discharge conditions. The preservation of 
coherence indicates that the scattering of the 


propagating wave by plasma irregularities is 
relatively unimportant. 

Quantitative measurements are in progress. 
Measurement of n and a simultaneously on two 
frequencies will be attempted. 

The short wavelength and low phase velocity 
due to the high refractive index imply certain 
characteristics which may be adaptable for 
diagnostic use. Transmission paths may be 
short thus providing good spatial resolution in 
measurement. Diffraction is less severe. Even- 
tually directive antennas may be designed to 
facilitate scattering experiments to explore dis- 
tribution of the sizes of local inhomogeneities. 
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SUPERFLUIDITY AND SUPERCONDUCTIVITY IN ELECTRON GASES 


G. Wentzel 
Enrico Fermi Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
(Received February 26, 1960) 


Lately, several investigations’~* have been 
devoted to the moment of inertia of Fermion 
gases, with interactions treated by perturbation 
or random-phase approximations. We want to 
point out that the main results of these papers 
might have been anticipated on the basis of 
Schafroth’s paper, * in conjunction with what is 
known about the magnetic behavior of charged 
Fermion gases, admitting similar interactions 
and approximation methods. 

As in a preceding paper by Blatt, Butler, and 
Schafroth, ° Schafroth discusses “rotating buckets” 
inthermal equilibrium. In the rest frame of the 
bucket, the boundary conditions on the wave 
functions at the walls of the container (perfect 


reflection) are assumed to be independent of the 
angular velocity w. The moment of inertia / is 
then defined as 


I=lim(8L/éw), 
w=0 


where L is the angular momentum in the canon- 
ical ensemble average. [We can here always 
regard w as infinitesimally small and thereby 
avoid the complications discussed by Blatt and 
Butler.®] It is to be noted that the rotating bucket 
model, in the limit of zero temperature, becomes 
identical with the “cranking model” which is 
employed in the papers'~* cited at the beginning, 
provided the same boundary conditions are 
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imposed. 

The “classical” or rigid-body value of J is 
called /,. For instance, in the case of a cylin- 
drical container of radius R, rotating about the 
symmetry axis, 


1,=3R?Nm, 


where Nm is the total mass. The liquid is “super- 
fluid” if J is (significantly) smaller than J,. The 
salient point in Schafroth’s paper* is the proof of 
a general relationship between J, - J and the mag- 
netization produced in the (charged) liquid by a 
homogeneous magnetic field H, directed along 
the axis of rotation, e.g., the symmetry axis of 
the cylinder. As in earlier papers by Schafroth, ’ 
H is considered as a given “external” or “in~ 
pressed” field, arising for instance out of a nu- 
clear spin polarization. All particles of the 
liquid are thought to carry a “test charge” e, 

but no intrinsic (spin) magnetic moment (this 

is the simplest case); in other words, the whole 
magnetization originates in the electric currents 
ev. The particles are allowed to interact 
through arbitrary potentials depending on the 
space coordinates. In the special case that all 
particles are identical (Bosons or Fermions, 
mass m), Schafroth’s “connection theorem” 

may be formulated as follows. Let M be the 
total magnetic moment induced by H in the 


sample; then® 
#0 oH “ai ak sie 


If the liquid is superfluid (as defined above), the 
apparent susceptibility y’ = V~'(8M/ 8H) 7-9 Of a 
cylinder has the order of magnitude 

3 N 


€ 
ye -e XR*Xs, 





where N/V is the number density. The depend- 
ence on R is the same as for a superconductor 
obeying London’s equation [see Schafroth,* Eq. 
(12) ]. 

We shall now apply the connection theorem to 
electron gases (ignoring the ionic lattice). 

(1) Free electrons show an ordinary diamag- 
netism. The Landau value of the susceptibility 
is 

~~ aN 
X=" Get p *Y? 


where A; =de Broglie wavelength of an electron 


350 


at the Fermi surface. We conclude 
(I, - D/Ip= O(Ap/R)?. 


This conforms with the direct calculation by 
Amado and Brueckner* who found J=J, for a 
cranked cubic volume (at zero temperature). 
This result must remain valid if weak inter- 
actions are introduced as perturbations! since 
these do not radically alter the diamagnetic be- 
havior of the gas (they can not cause y’ to in- 
crease as R?). 

(2) We admit Coulomb interactions between the 
electrons and treat their ground state in the high- | 
density approximation which is equivalent to a 
certain random- phase approximation.® It is 
known” that, in this approximation, the Landau 
diamagnetism is not affected by the interactions, 
and the same must then be true for the moment 
of inertia. This has indeed been found by Rock- 
more,? for the cranked cube. 

(3) The same author® studied the Bardeen- 
Cooper-Schrieffer-Bogoliubov model of a super- 
conductor, introducing the energy gap in the 
spectrum of excitations, and using as a tool 
again a random-phase approximation. For the 
cranked ground state he finds that J/I, goes to 
zero (~V~) as the cubic volume V becomes 
very large. This amounts to an extreme super- 
fluidity. If we now invoke Schafroth’s connection 
theorem and accept the statement J=0 for a cyl- 
indrical container (R large), we then find that 
the magnetic moment M is the same as for a 
superconductor which obeys the London equation, 
with the “London value” for the London constant 
[see Schafroth,* Eqs. (7) and (11)]: 


e? N 
curli i = {= *\B 


This, however, is precisely what one would have 
expected on the basis of those theories of the 
Meissner effect which employ the random -phase 
approximation."! [Refining the London equation 
for nonlocal effects (Pippard or BCS) is of no 
relevance here. | 

In this context, it should be borne in mind that 
the random-phase approximation, when applied 
to the BCS model, is by no means guaranteed to 
be a good approximation. But whatever the 
answer to this question may be, it is interesting 
to note that “extreme superfluidity” (/=0) entails, 
for charged identical Fermions or Bosons, “ex- 
treme superconductivity, ” namely, the London 
value for the London constant. 
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Another point to emphasize is that in real fluids, 
as opposed to idealized models, there exists a 
maximum correlation distance A beyond which 
all correlations are wiped out by disordered 
collisions. For R>A, Blatt, Butler, and 
Schafroth® have proved that the moment of inertia 
necessarily approaches the rigid-body value: 
I=1,{1+O(A/R)]. How this affects the London 
equation (at large wavelengths) has been discussed 
by Schafroth and Blatt.” The results quoted 
above under (3) illustrate the fact that, for the 
BCS model, A is infinite. A realistic computation 
of A would be desirable, not only for supercon- 
ductors but even more so for systems like He II 
and heavy nuclei. 
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ISOTOPIC COMPOSITION OF PRIMORDIAL XENON* 


J. H. Reynolds 
Department of Physics, Miller Institute for Basic Research in Science 
University of California, Berkeley, California 
(Received March 7, 1960) 


In a previous Letter,’ we reported a large ex- 
cess of Xe’** in a chondritic stone meteorite, 
Richardton. We also reported secondary anom- 
alous abundaces for many of the other isotopes 
in this xenon. We have now found similar sec- 
ondary anomalies in xenon from a carbonaceous 
chondrite, Murray. Since the ratio of xenon to 
the cosmic-ray-produced nuclides Ne” and He*® 
is very different for these two meteorites, we 
conclude that the anomalies in question are not 
due to nuclear reactions induced by cosmic rays. 
There appears to be an isotopic difference be- 
tween primordial xenon-—or at least xenon in- 
corporated in stone meteorites—and xenon in the 
atmosphere. To our knowledge, xenon is unique 
among the elements in exhibiting an effect of 
this kind and magnitude. 

We have made a comprehensive analysis by 
isotope dilution of all the rare gases in the two 
stones. The results are presented in Tables I, 
I, and Ill. The nuclides He® and Ne”! are almost 
entirely cosmic-ray produced in both stones. 

We note from the abundances of these isotopes 
in Table I that the integrated cosmic-ray expo- 
sure for Richardton exceeds that for Murray by 
a factor of about 5. Data for argon and for the 


other isotopes of He and Ne show clearly that 
there is primordial gas in Murray. The isotopes 
A** and A*® are more abundant in Murray than in 
Richardton by factors 30 and 9, respectively. 
The ratio A*®*/A* in Murray is 5.39 which is 
very close to that for the atmosphere (5.35) and 
very unlike that produced by cosmic rays in iron 
meteorites (0.6); for Richardton, A*®/A** is 
1.62 which is intermediate. That little of the 
argon in Murray can be from atmospheric con- 
tamination is seen from the A*°/A*® ratio which 
is 8.5, in contrast with 296 for the atmosphere. 
(The A*°/A** ratio for Murray is the lowest that 
has been seen thus far in a stone meteorite.) 
Clearly argon was incorporated in the Murray 
stone at the time of its formation. Neon from 
Murray can be resolved into a cosmic-ray com- 
ponent (Ne”° = Ne”! = Ne”*) plus a primordial com- 
ponent with Ne”!/Ne”° assumed to be that for the 
atmosphere and Ne**/Ne”°=0.111+ 0.005 as com- 
pared with Ne**/Ne?°= 0.097 for atmospheric 
neon. It is very unlikely that this neon is from 
atmospheric contamination because Ne/A in 
Murray is 0.1 [which means that Ne/(A)atmos in 
Murray is considerably greater than 0.1] while 
Ne/A in the atmosphere is 0.002. He* is also in 
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Table I. Rare gas analyses of the meteorites. (All gas contents are in cc STP/g.) 
Richardton Murray Pesyanoe 
Sampling Reduced to minus 20 m in Samples crushed by eee 
diamond mortar. (Large several blows in 
malleable grains rejected.) diamond mortar. All 
20-100 m used for analysis. material used. 
He® (2. 88° + 0.15)x1077 (0.68 + 0.03)x107* <1gfx1077 
(3.30°) 
He‘ (12. 0° + 2.5)x107 (142 + 7)x10* 7300'x10~ 
(15.1%) 
Ne*® (9. 88° + 0.6)x1078 (65.2 + 3.2)x10* 1900'x 1078 
Ne?! (11.52 + 0. 7)x10% (2.22 + 0.11)x107 i9fx1078 
Ne”? (11. 82" + 0.7)x1078 (9.07 + 0.45)x10* 1714x1978 
A® (2.59 + 0.4)x1078 (76.5 +3.8)x10% 168'x1078 
(2. 83%) 
As (1.60° + 0.06)x10% (14.2 + 0.7)x107 36'x1078 
(1.16%) 
Ato (53. 2° + 2.1)x107 <6.53x10% 47.1!x107 
(54. 09) 
Total Kr Within factor 3 of (27.3 +1.3)x10~° tee 
total Xe 
Total Xe (1.04 + 0.05)x107 (43 + 4)x10~° 
Anomalous Xe!” (0.13 + 0.01)x10~ (1.09 + 0.11)x10~ * 
Anomalous Xe 
other than Xe!”® (0.029 + 0.002)x10~ (1. 24 + 0.12)x107 : 
K content (0.073° + 0. 009) % (0. 026° + 0. 010) % ? 
(0. 083%) (0. 038°) 
K-A age® (4.47 + 0.2)x10° years <2.77x10° years 4.210? years 
8Using A, = 0.585107 yr“; A=5.30x107!° yr“! for K* decay. 
Correction for blank run has been made. 
a" Eberhardt and D. Hess (to be published), with different sampling. 
J. Geiss and D. Hess, Astrophys. J. 127, 224 (1958), with different sampling. 
©G. Edwards, Geochim. et Cosmochim. Acta 8, 285 (1955). 
fr. Gerling and L. Levskii, Doklady Akad. Nauk S.S.S.R. 110, 750 (1956). 
Table Il. Isotope abundance data for krypton. 
Isotope ratio 78/84 83/84 86/84 
Richardton tee 0.211 + 0.007 0.318 + 0.003 


0.311 + 0.006 


















0.305 











VoLuME 4, NUMBER 7 





PHYSICAL REVIEW LETTERS 





APRIL 1, 1960 








Table III. Percentage composition of anomalous xenon. 








Isotope Richardton Murray Murray/Richardton 

124 0.33 + 0.09 0.64 +0.05 1.94+0.54 

126 0.23 + 0.02 0.56 +0.10 2.43 + 0.50 

128 2.51 20.32 6.52 +0.25 2.60 +0.35 

129 81.52+3.5 46.6+3.4 (0.572 + 0. 048) 
130 2.27+0.39 7.33 + 0.81 3.23 + 0.66 

131 8.18+2.0 25.12 22.7 3.072+0.81 

132 3.63 +2.3 11.59 +3.4 3.19 +2.21 

134 1.3521.0 1.69 21.3 1.25+1.36 
136 =0 =0 coe 





Average 2.53 
Weighted average 2.53 








excess abundance in Murray. If the uranium 
content of Murray is 0.01 ppm, as for Richard- 
ton and other chondrites,” then the large differ- 
ence in He* content between Murray and Richard- 
ton must be attributed to primordial helium in 
the former. Richardton may contain a little pri- 
mordial A**. We calculate an upper limit of 1.8 
x10°* cc STP/g primordial A** in Richardton by 
assuming that A*® and A* in this stone is a mix- 
ture of primordial argon with A*®/A** = 5.35 and 
cosmogenic argon with A**/A**=0.6. Thus Mur- 
ray has more primordial argon than Richardton 
by a factor of at least 42. There is one other 
stone meteorite known to contain primordial 

gas. This is Pesyanoe, which is variously de- 
scribed as a howardite or aubrite achondrite 

and which has been studied by Gerling and Lev- 
skii.* Their data are included in Table I for 
comparison. 

K-A ages for the stones are given in Table I. 
The upper limit for the K-A age of Murray of 
2.8x10° years results from assuming that all of 
the A*° is radiogenic. This low K-A age pro- 
bably means that Murray has lost much (about 
2/3) of its radiogenic argon. There may have 
been loss of primordial gas as well, although 
such loss would not alter markedly any of the 
conclusions reached in this Letter. Los of 
cosmic-ray-produced gas should be much less 
since these gases were produced in the last few 
tens of millions of years and, furthermore, can- 
hot be concentrated at grain boundaries. A par- 
tial isotopic analysis of the krypton from the 
stones is presented in Table I. These data are 
averages from about 16 krypton runs. Other 
isotopes could not be studied due to memory 
problems in the mass spectrometer. It is seen 









that krypton in the stones is of normal isotopic 
composition except for a slight excess of Kr® 
in Richardton. 

Turning to the xenon data, we first assume, 
rightly or wrongly as in the previous Letter,’ 
that Xe*** is an index to the xenon of terrestrial 
composition in the sample; this is assumed so 
as to be able to resolve the xenon into a terres- 
trial and an anomalous component. The isotopic 
compositions of the anomalous components for 
Richardton and Murray are compared in Table III. 
For every isotope other than Xe’”® the ratio of 
the Murray percent abundance to the Richardton 
percent abundance is consistent within experi- 
mental error with the average value for this 
quantity. In other words, within experimental 
error the isotopic composition of the secondary 
anomalous component—i.e., excluding mass 
129—is the same for both meteorites. The 
anomalous Xe’** is, on the other hand, very de- 
finitely an independent component, in agreement 
with our assignment of the origin of most of it 
to extinct I'*° decay.’ 

The secondary anomalous component is more 
abundant in Murray than in Richardton by a fac- 
tor 1.24/0.029=43. We have already seen that 
contrasted with Richardton, Murray is poorer 
by a factor 5 in cosmic-ray-produced nuclides 
and richer by a factor of at least 42 in a primor- 
dial nuclide. We take these ratios to be strong 
evidence that the secondary anomalous xenon 
component in the meteorites is primordial in 
origin—i.e., was incorporated in the stones at 
the time of their formation. The only alternative 
possibility, seemingly, is that Murray is uni- 
formly richer in the heavy nuclides serving as 
cosmic-ray targets for Xe production by a fac- 
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tor 5x43=215, which seems most unlikely. 

There seems to be no simple explanation for 
the secondary anomalies. If there is more than 
one mechanism responsible, it is going to re- 
quire xenon analyses for other meteorites to 
distinguish among the mechanisms, since the 
anomalies in Richardton and Murray are so sim- 
ilar. In the meantime, the following speculative 
comments are offered. 

The xenon in meteorites may have been aug- 
mented by nuclear processes between the time 
it was separated from the xenon now on earth 
and the time the meteorites were formed. The 
mass spectrum of the added xenon peaks at mass 
131. The contribution at mass 129 is most pro- 
bably comparable to the nearly equal contribu- 
tions at masses 128 and 130. This means that 
Xe’”® from [’** decay is more abundant in Mur- 
ray than in Richardton by a factor 7.4. If the 
stones have the same I’”’ content, this would 
imply that Murray cooled 2.9 half-lives of I'*° 
or 50 million years before Richardton. 

On the other hand a strong mass-dependent 
fractionation may be responsible for most of the 
anomalies. This is suggested by the regular 
nature of the isotope abundances of meteoritic 
xenon when plotted normalized to terrestrial 
abundances as in Fig. 1. Except at masses 129, 
134, and 136, the normalized abundances con- 
form well to a straight line on a logarithmic plot 
against mass. With this interpretation, there is 
excess Xe’ and Xe’** in meteoritic xenon which 
we cannot explain in any really satisfactory 
manner. If, nonetheless, the mass fractionation 
is real, Murray is deficient in Xe’**. This would 
mean that I’? decay has contributed to Xe’”® in 
the terrestrial atmosphere, as suggested by 
Katcoff, Schaeffer, and Hastings.* For illustra- 
tive purposes we assume that the meteorites 
were all formed 200 million years after the last 
nuclear synthesizing event.° Then we find from 
differences between Murray and Richardton that 
('?°/T’?") immediately after the event was 0.0021 
and that (Xe’”°/Xe') .,. mic is 0.93. This means 
that about five percent of terrestrial Xe’”® is due 
to I'° decay. Repeating the calculation of Kat- 
coff, Schaeffer, and Hastings,‘ we find that the 
earth was isolated from cosmic xenon 250 mil- 
lion years after the last nuclear synthesis. The 
50-million year interval thus found for the pe- 
riod between meteorite and earth formation does 
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FIG, 1. Isotopic composition of xenon from the 
meteorites. 


not depend upon the 200-million year value as- 
sumed for (At) meteorites: 

I wish to thank Mr. S. Putnam for assistance 
with the gas extraction apparatus and Mr. L. 
Kovich for making the flame photometric potas- 
sium determinations. The samples of Murray 
were from the U. S. National Museum, Washing- 
ton. I wish to thank Mr. E. P. Henderson of that 
institution for his cooperation. I am grateful to 
Professor Calvin of this University for providing 
samples of Murray for our first measurements. 
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GENERALIZATION OF THE APPLETON-HARTREE MAGNETO-IONIC FORMULA 


H. K. Sen and A. A. Wyller 
Geophysics Research Directorate, Air Force Cambridge Research Center, Bedford, Massachusetts 
(Received March 1, 1960) 


The classical Appleton- Hartree formula de- 
scribes the magneto-ionic dispersion of electro- 
magnetic waves in the ionosphere. The effects 
of electron-neutral collisions are taken into ac- 
count by a “friction” term, v, in the equation of 
propagation. This term, a collisional frequency 
term, is assumed to be independent of the elec- 
tron velocities. Such an assumption is not valid 


in view of the recent laboratory results of Phelps 


and Pack.’ They found that to a good approxima- 
tion the above collision frequency is proportional 
to the electron energy in nitrogen gas. 

Several workers” ° have previously tried to 
generalize suitably the classical Appleton-Har- 
tree formula taking into account the effect of the 
electron velocity distribution function. In our 
opinion the most successful attempt so far, has 
been achieved by Jancel and Kahan? in a treat- 
ment based upon the Chapman-Enskog method of 
solving the Boltzmann transport equation. How- 
ever, at the time of their study the laboratory 
results quoted above were not known. Conse- 
quently the theory was not pushed to a practical 
limit in its application. 

In the present communication we will briefly 
report on a generalization which incorporates in 
applicable form these recent laboratory results. 
A further account will be published elsewhere. 

The generalization of the Appleton- Hartree 
formula essentially involves a generalization of 
the conductivity tensor, 0, and subsequently the 
dielectric tensor, €. We have solved the Boltz- 
mann transport equation for a uniform Lorentz 





gas in a magnetic field, adopting the Chapman- 
Enskog method of expansion for the velocity dis- 
tribution function. The method is identical to 
that of Jancel and Kahan, but the resultant ex- 
pressions are formally simpler. In this parti- 
cular case the Chapman-Enskog method and the 
method used by Allis® of expanding the velocity 
distribution function, yield identical results as 
expected. 

The solution of the resulting determinantal 
equation from Maxwell’s equations and the gen- 
eralized dielectric tensor yields the following 
expression for the complex refractive index: 


_A+Bsin’¢+ (B* sin*¢ - C? cos*@)” 
n D+E sin’ 





, (1) 


where A =2e€y(€y+€pp), B= Eq yl€q+ Eq) +E, C 
=2e7€q], D=2€], E=2eyqy, and ¢ is the angle 
between the direction of propagation and the mag- 
netic field. The principal axes of the generalized 
dielectric tensor are €], €y, and ey] and will be 
evaluated later. 

This expression is identical with that derived 
originally by Jancel and Kahan.® They were able 
to show that in the case where v<< w the expres- 
sion degenerates into the classical Appleton- 
Hartree formula.’ 

The close relationship between the generalized 
expression and the classical form is brought out 
better by rearranging the above expression into 
the following: 


1+A’ sin? (2) 
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In contrast, the classical Appleton-Hartree ex- v being the electron velocity. Then the principa| 
pression is of the form®: axes of the generalized dielectric tensor are ex. 
pressed as follows: 














a .cK\? , 
So (n-i) €,=(1-a) - ib, € 7 2f - a) +2(c -e)i, 
=1+ ; (3) 
B’'4+C"” sin? + (D”’ sin*¢ +E" cos?) ’ ‘m= [a - 3(c +e)]+ [b - 4(f +d) |i. 
where The generalization is of little interest when 
eH Lago tons) Vym<<w. In that case we can retain the classical] 
$= = , =e ——e Appleton-Hartree formula provided the friction 
° term, v, is multiplied by a factor 4 (see Pfister’ 
and Westfold*). However, in recent years an in- 
Cl = -w? s? terest has developed in transmission of low- 
2wo"(wo" - w* +ivw)’ frequency radio waves with application to the 
ionospheric D layer and in telemetry. In both 
cases the condition v,,, ~w is of considerable in- 
Dts w*s* R's w* s? terest. 
4w,*(wo* - w*+ivw)*’ w. - We have therefore studied a longitudinal anda 
transversal propagation (¢=0 and ¢=7/2, re- 
It is important to note that when the classical spectively), where w, v»,, ands are of the same 
dielectric tensor elements are substituted into order of magnitude. These angles of propagation 
the coefficients A’, B’, C’, D’, andE’, the gen- should give, respectively, minimum and maxi- 
eralized expression reduces to the classical mum effects inm and cx/w. The following repre- 
Eq. (3). Then the new term A’ sin?@ introduced sentative values were adopted from Goubau”: 
into the generalized expression vanishes as A’ w =3.8610°, »y =w/2=1.93x108, s =8.69x10 
goes identically to zero. m 
We have studied some numer ical applications The results of the calculations are shown in 
of the above generalized expression (1). The Figs. 1 and 2. In both cases we notice that the 
coefficients A, B,C, D, and E are complex quan- _— generalized and classical expressions for m and 


tities, which for arbitrary ¢ are somewhat com- 
plicated in structure. Fortunately, it is now 
possible quite simply to evaluate the dielectric 
tensor elements €7, €y;, and €y7 in terms of 
recently tabulated © integrals.* These have 
been applied by Phelps and Pack’ to the problem 
of electron collision frequencies to the iono- 
spheric D layer. 

The following quantities are defined: 


2 2 
~ Yo fw - Wo ¢ (& 
° 3 Fal; ); b Qwv e vy ?’ 
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moe) fe Bw wts FIG. 1. The real refractive index, m, and the ab- 
2 92 ’ ~ Qwv € ), sorptivity, cx/w, as a function of the square of the 
m m ratio of the plasma frequency, w», to the wave fre- 
quency, w, for longitudinal propagation (#=0). Here 


where . =ordinary ray (classical theory), e.o. =extra- 
oF -€ . ordinary ray (classical theory), o.g. =ordinary ray 
€ (x)= 1 e de pox 2. 06 mu" (generalized theory), e.o.g. = extraordinary ray 
p p! “ m”’ (generalized theory). 
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FIG. 2. The real refractive index, ”, and the ab- 
sorptivity, cx/w, as a function of the square of the 
ratio of the plasma frequency, wp», to the wave fre- 
quency, w, for transversal propagation (¢=1/2). Here 
o, =ordinary ray (classical theory), e.o. = extra- 
ordinary ray (classical theory), o.g. =ordinary ray 
(generalized theory), e.o.g. = extraordinary ray 
(generalized theory). 


cx/w may differ up to 100% or by a factor of 2. 
The effects are pronounced for the attenuation 
factor, ck/w, Over most wave frequencies, and 
for the real refractive index when w << wp. 


We have also studied the case when v,, =2w 
and find results similar to the above. We, 
therefore, conclude that for any precise work 
involving attenuation effects, use should be made 
of the generalized expression when v,,%w. For 
arbitrary ¢ it appears most convenient to retain 
the form of Eq. (1), as it provides simpler al- 
gebraic means for separating the real and ima- 
ginary parts of the expression. 
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The optical selection rules and energy levels 
for exciton and band -to-band transitions as 
ordinarily calculated ignore the small but finite 
wave vector of visible light. No effects due to 
the finite wave vector have previously been 
noticed except the occasional observation of 





weak forbidden lines.’ We describe here two 
pronounced magneto-optic effects (on excitons) 
due to the finite wave vector of light. The first 
effect is the drastic alteration of the magneto- 
optic absorption spectrum when the magnetic 
lield is reversed; the second effect arises from 
the quasi-electric field (1/c)v xH due to the mo- 
tion of the exciton in a uniform magnetic field. 
Only the first effect has been positively identi- 
lied. These effects were investigated while 
itermining effective masses and g values from 







PHOTON MOMENTUM EFFECTS IN THE MAGNETO-OPTICS OF EXCITONS 


J. J. Hopfield and D. G. Thomas 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received February 26, 1960) 


exciton magneto-optic effects in CdS. 
Observations were made on the n =2 P states 
of excitons formed from the top valence band 
in hexagonal CdS. Magneto-absorption experi- 
ments were performed at 1.6°K on platelets 
5-10 » thick mounted to minimize strains. The 
plane of the platelet contained the c axis. The 
incident light was polarized parallel to the c 
axis and normally incident on the platelets. The 
magnetic field was perpendicular to both the 
c axis and the direction of propagation of the 
light. The states of interest are six “P” states, 
Pyi,Pys,Pz4, corresponding to the three P 
orbitals and the two electron spin orientations 
(- parallel and + antiparallel to the magnetic 
field). The sign of the electron g value is as- 
sumed to be negative. This assumption influ- 
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ences only the nomenclature. The g value of the 
hole is zero for magnetic fields perpendicular 
to the c axis. S states, both longitudinal and 
transverse (denoted S; and Sy), are also ob- 
served.’ 

Figure 1(c) shows the absorption spectrum for 
H=0. Figure 1(b) shows the absorption spec- 
trum for H =31000 gauss. Figure 1(a) shows the 
absorption spectrum in an experiment identical 
to that of 1(b) except that H is in the opposite 
direction. One sees that in 1(a) lines P,_, Py i 
and P,_ are strong, while P,,, Py,, and Pz, 
are weak. (In the present notation, x is parallel 
to H, and z parallel to the c axis.) When the 
magnetic field is reversed in 1(b), the previously 
weak lines become stronger and the strong lines 
become weaker. Rotation of the crystal by 180° 
around the c axis does not affect the observed 
spectrum. Rotation of the crystal by 180° around 
the direction of propagation of the light reverses 
the intensity distribution (i.e., this rotation plus 
field reversal leaves the absorption unchanged). 
The same effect has been observed in four sam- 
ples. 

Since time reversal reverses the sign of the 
magnetic field, but leaves the selection rules 
for infinite wavelength plane polarized light un- 
changed, the experimental results must be due 
to the finite wave vector of light and the excitons 
with which the light interacts. It can easily be 
shown that if the crystal had inversion symmetry 
(which wurtzite does not) the effect could not 





occur even with finite wave vectors. 

With no magnetic field, the four states P,., and 
Py, (eight states including hole spin) can be cop. 
sidered to be degenerate. Group theory, taking 
into account the finite wave vector of light and 
the experimental geometry, indicates that one 
linear combination of these eight states (derive 
from I) has an optical matrix element in the 
limit k~0O, and that one linear combination 
(derived from Is,,) has an optical matrix ele- 
ment proportional to k,. Utilizing these known 
linear combinations, the optical matrix elements 
for states P, + can be computed (omitting terms 
of order k*). One finds for the states having 
spins in the plus and minus x directions, re- 
spectively, 


matrix element for spin + =A +k B, 


matrix element for spin -x =A -k. B. 


In general, the absolute magnitudes of these two 
optical matrix elements are different as long 
as both A and B are nonzero. Reversing the 
direction of k, reverses the relative magnitude 
of the two matrix elements. One state (say with 
spin in the plus x direction) has an energy cor- 
responding to P,, or P,_ according to the direc- 
tion of H. Reversing H therefore interchanges 
the energy levels of the two spin orientations 
without altering the optical matrix elements. 
The same qualitative behavior is expected of 
the states P,,, which are separated from P,, 
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FIG. 1. Microphotometer trace of Zeeman effects in CdS of the  =2 exciton state at 1.6°K. 
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by a diamagnetic shift and by magnetic mixing 
with P,,. Brevity requires the omission of the 
discussion of the effect of this mixing on the 
strengths of Py, (where the effect is small) and 
P,, (where the effect is large). 

The theory indicates that the sign of (k xH): Z 
should determine which lines are strong. (One 
should note that Z and -Z are not equivalent 
directions in wurtzite.) The rotation experiments 
agree with this theoretical conclusion. 

The peculiar band structure® of CdS makes A 
rather small and kyB unexpectedly large for the 
states under study. Independent evidence in ex- 
periments with H parallel to the c axis indicates 
that \kyB/A |= 4%. If A and B have the same phase, 
this could lead to a 9:1 intensity ratio of strong 
P,, or Py, to weak Py, or Py, lines, in at least 
qualitative agreement with experiment. 

A second effect, independent of the effect just 
described, should be observable in magneto- 
optic experiments because of the finite wave 
vector of light. A quasi-electric field (1/c)v xH 
should act on excitons in a uniform magnetic 
field due to the exciton center-of-mass velocity 


(finite wave vector). In CdS, this field should 
be approximately 150 volts/cm for H =30000 
gauss. This small electric field is capable of 
producing observable effects on excitons of 
large radius (say >100 A) if the excitons can 
exhibit a linear Stark effect. We have compared — 
experimental results for Hk and H ilk to look 
for this effect. Unfortunately we have not yet 
been able to isolate this effect due to other com- 
plications which arise. It should be possible, 
however, to perform exciton mass spectrometry 
experiments with crossed electric and magnetic 
fields. By balancing the quasi-electric field 
with a real field, V (and thus the exciton mass) 
can be determined. 

We wish to thank Dr. W. W. Piper of the Gen- 
eral Electric Company Research Laboratory 
for providing the crystals. 





'D. G. Thomas, J. Phys. Chem. Solids (to be pub- 
lished). 

2J. J. Hopfield and D. G. Thomas, J. Phys. Chem. 
Solids (to be published). 

5D. G. Thomas and J. J. Hopfield, Phys. Rev. 116, 
573 (1959). 





PHOTOSENSITIVE ULTRASONIC ATTENUATION IN CdS 


Harmon D. Nine 
Research Laboratories, General Motors Corporation, Warren, Michigan 
(Received February 15, 1960) 


It has been observed in this laboratory that the 
physical acoustical properties of CdS crystals 
are influenced by photon irradiation. Upon illum- 
ination with white light from an incandescent 
lamp, the ultrasonic wave propagation measured 
by the change in ultrasonic attenuation was found 
to be changed in large single crystal of CdS. 
Each crystal was prepared for the attenuation 
measurements by lapping two parallel (within 
0.000020 in. /in.) faces normal to the c axis (with- 
in+0.5°). Electroplated indium electrical con- 
tacts were attached to opposite sides of the crys- 
tals halfway between the lapped faces so that bulk 
photoconductance measurements could be made 
simultaneously. 

Using the technique of Roderick and Truell' the 
ultrasonic attenuation in CdS was measured as 
a function of light intensity and wavelength. The 
effect of light intensity on the ultrasonic attenua - 
tion (measured at 5800 A) proved to be linear 






but of opposite direction in two crystals examined. 
In crystal A the ultrasonic attenuation of com- 
pressional waves was decreased by illumination 
with white light. In crystal B the attenuation was 
increased. The attenuation effect in crystal B 
was about an order of magnitude greater than the 
opposite effect in crystal A. (See Table I.) 

These effects on the ultrasonic attenuation 
were noted for compressional waves propagated 
along the c axis over the ultrasonic frequency 
range from 10 Mc/sec to 200 Mc/sec. No effect 
was noted for shear waves along the c axis over 
the same frequency range. In addition, qualita- 
tive measurements indicate that the effect is 
different for waves propagated normal to the c 
axis. (See Table I.) 

The ultrasonic attenuation and the photocon- 
ductance were simultaneously measured as a 
function of wavelength. Figures 1 and 2 show the 
spectral responses of the ultrasonic attenuation 
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Table I. The ultrasonic attenuation characteristics for incandescent white light and the physical properties of 
the CdS crystals used. 

























Thickness 
Attenuation effect along 
Normal to c axis 
c axis {1,1,0,0} plane and 
Compres- Compres- Impurity content (area Natural 
Crystal sional Shear __ sional of face) color 
A Decrease NE NE 00001 0.001 00004 1.04 cm Med. 
(2.3 cm’) amber 
B Increase NE NM 0.0001 0.001 0.0004 0.63cm Dark 
(1.4 cm?) amber 
i Decrease NE NM 0.0001 0.001 0.0002 1 cm Light 
(1.2 cm’) amber 













aND—not detected; NE—no effect; NM—not measured. 


and the photoconductances for the CdS crystals. 
In both the attenuation and photoconductance 
measurements, long response times from point 
to point (as much as a day) were noted. The 
crystals exhibit the ultrasonic attenuation effect 
over the same range of light wavelengths as the 





response region of the photoconductance effect- 
from the band edge for CdS at about 5100 A up to 
about 8000 A in the infrared. 
In both crystals the phenomenon of infrared 
quenching of the photoconductance was observed. 
Similarly the ultrasonic attenuation effect in 
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FIG. 1. Photoconductance G and ultrasonic attenua- 
tion constant a vs light wavelength in angstroms for 
CdS crystal A. The ultrasonic attenuation is of the 
form J=],e~@' and was measured at 30 Mc/sec. 
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tion measured at 45 Mc/sec vs light wavelength in 
angstroms for CdS crystal B. 










& 


Attenuation — «< 





e 





I 


ire 
nce 


on) 


t= 
ip to 


ved. 


! 
& 


Attenuation — « 


Z 
e 


i- 








VoLUME 4, NUMBER 7 





PHYSICAL REVIEW LETTERS 





APRIL 1, 1960 








crystal B was quenched to the dark value by in- 
frared but the attenuation effect in crystal A was 
unaffected by infrared. 

A semiquantitative spectrographic analysis re- 
yealed little difference between the two crystals. 
In Table I are included some properties of the 
two crystals A and B and also those of a third 
crystal, C, upon which qualitative measurements 
have been made. 

Two types of mechanisms are being considered 
as possible explanations of the ultrasonic atten- 
uation changes: (1) relaxation associated with 
electron or hole trapping at impurity or vacancy 
sites, or with electron transitions at sulfur photo- 
activation sites, and (2) changes in thermoelastic 
attenuation losses due to heat conduction by photo- 
activated electrons. It is believed that the ultra- 
sonic attenuation effect may be found in other 


photosensitive crystals and may be a useful tool 
for solid state investigation of photoconductors. 
The author wishes to thank Norman W. Schub- 
ring of this laboratory for many valuable dis- 
cussions relating to this study. The author also 
expresses his gratitude to Y. T. Sihvonen and 
D. R. Boyd of this laboratory who grew the CdS 
crystals*® and through whose cooperation the 
photoconductance measurements were made. 
The advice of Professor R. Truell and his asso- 
ciates of Brown University in the technique of 
ultrasonic attenuation measurements is gratefully 
acknowledged. 





'R. Roderick and R. Truell, J. Appl. Phys. 23, 
267 (1952). 

2D. R. Boyd and Y. T. Sihvonen, J. Appl. Phys. 
30, 176 (1959). 





EXPERIMENTAL PROOF OF THE EXISTENCE OF A NEW ELECTRONIC COMPLEX IN SILICON 


J. R. Haynes 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received February 18, 1960) 


Recombination radiation from silicon crystals 
containing one of the group III or group V ele- 
ments as an added impurity has recently been 
examined using a spectroscope of high resolu- 
tion. Extremely sharp lines appear at low tem- 
peratures. It will be shown that these lines can 
only be interpreted as the radiation produced by 
the recombination of an electron and a hole both 
of which are bound in an immobile four-particle 
complex consisting of an impurity ion and three 
electronic particles. 

Excess electrons and holes were produced in 
silicon single crystals by illumination with a 
high-intensity light beam.’ These carriers re- 
combine in thermal equilibrium with the crystal 
lattice giving recombination radiation. The in- 
tensity of this radiation as a function of photon 
energy is shown in Fig. 1 for two different silicon 
specimens at 25°K: (1) a crystal containing a 
negligible amount of impurity, shown by the 
dashed line; (2) a crystal containing arsenic 
added to the melt in the crystal growing process, 
shown by the solid line. 

The dashed trace is essentially all intrinsic 
recombination radiation produced by the recom- 
bination of excitons with simultaneous photon and 
phonon emission. The energy of the exciton, E,, 








SILICON 
25° K 





RESPONSE —> 


Eo 
i aa ! 


1.02 1.04 1.06 1.08 1.10 142 1.14 1.16 
PHOTON ENERGY IN ELECTRON VOLTS 























FIG. 1. Spectrometer response (nearly proportional 
to the number of photons/unit energy interval) as a 
function of the energy of the photons for two silicon 
crystals: (1) A specimen containing a negligible 
amount of impurity, shown by the dashed trace. 
specimen containing 8x10'* cm=? 
by the solid trace. 


(2) A 
arsenic atoms, shown 
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is shown at 1.156 ev which is less than the energy 
gap by an amount equal to the exciton binding en- 
ergy. The principal line is produced by the re- 
combination of excitons that conserve crystal 
momentum by the emission of a transverse op- 
tical (TO) phonon. The line width is primarily 
due to differences in thermal velocities of the 
excitons. The line shape is given by a Boltzmann 
energy distribution with a small amount of 
broadening produced by exciton collisions with 
the crystal lattice. 

The result of adding 8 x 10** cm™® arsenic 
atoms to the silicon in the crystal-growing pro- 
cess is shown in Fig. 1 by the solid trace. The 
prominent change produced by adding the arsenic 
is to introduce two new sharp lines at 1.091 and 
1.149 ev. These lines are actually much nar- 
rower than shown in Fig. 1 since their half-inten- 
sity width, W, is the effective slit width of the 
spectrometer. By narrowing the spectrometer 
slit, at the expense of signal to noise ratio, it 
has been found that W<0.0005 ev. Evidently the 
lines are produced by the recombination of an 
electron and hole both of which are immobilized, 
since if either were free to move the lines would 
have the width of a Boltzmann energy distribu- 
tion. 

The ratio of the integrated intensity in the 
sharp lines to that in the principal exciton line 
is found to be proportional to the amount of ar- 
senic added. Therefore, the recombining hole 
and electron responsible for the sharp lines are 
bound in some kind of complex to single arsenic 
atoms. 

The energy difference of the two sharp lines is 
the energy of the TO phonon. Evidently recom- 
bination proceeds both with and without phonon 
emission. In the latter case the crystal momen- 
tum is conserved with negligible energy loss by 
giving it to the crystal as a whole via the arsenic 
atom with which the hole and electron are asso- 
ciated. 

The energy, Ep, required to free the bound 
electron and hole as an exciton from the complex 
has been measured from the energy displacement 
of the lines. Since the sharp line at 1.091 ev and 
the main exciton line are both produced by emis- 
sion of the same phonon, Ep is the energy differ- 
ence between the center of the sharp line and the 
radiation produced by recombining excitons 
having zero thermal energy (obtained by a Boltz- 
mann energy curve fit to the exciton line). This 
energy has also been calculated from measure- 
ments of the amount that the sharp lines shrink 
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with respect to the exciton line as the tempera- 
ture of the silicon crystal is increased.” Both 

ways of obtaining Ep give values very close to 
0.0065 ev. 

These same sharp lines appear when other 
group V donors are substituted for arsenic as 
an impurity. The lines, however, are displaced 
in energy in a regular way. The dissociation 
energies of the complex produced by adding do- 
nors are shown in Fig. 2 plotted as a function of 
the ionization energy of the donor, E; (open cir- 
cles). To a good approximation E p = 0.1E;. 













This energy relationship identifies the complex , 


as a hole bound to a positive donor ion by an 
electron pair bond, since the other two possibili- 
ties are eliminated as follows: (1) It cannot be 
a hole bound by a single electron to the donor 
ion since then Ep =E; - E,+Ep, where Ey is the 
binding energy of the hole, and the binding en- 
ergy of the exciton, E, ~0.007 ev.* Therefore, 
Ep >E£j; for this model. (2) It cannot be an ex- 
citon trapped at a neutral donor by mutual polar- 
ization since then Ep would decrease as E£; in- 
creases. 

These sharp lines are also produced by adding 
group III acceptors to silicon. The dissociation 
energies of the complex responsible for the 
lines are also shown in Fig. 2 as a function of 
the ionization energy of the acceptor introduced 
(solid circles). Again it is found that Ep =0.1£). 
Therefore, this complex is identified by iden- 
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tical reasoning as the same complex that was 
obtained by adding donors, except for complete 
charge sign reversal. It is an electron bound to 
a negative acceptor ion by a hole pair bond. 

The existence of this complex was pointed out 
by Lampert* who estimated its dissociation en- 
ergy for equal masses of electrons and holes 
from Ore’s calculation® of the minimum disso- 
ciation energy of a positron bound to a negative 
hydrogen ion. However, since Ore’s calculated 
value is more than an order of magnitude too 
low,® Lampert’s estimate of Ep is correspond- 
ingly inerror. This is shown by a simple argu- 
ment by Kohn’ who is able to place Ep) between 
0.055E ; and 0.35£; in satisfactory agreement 
with experiment. 

It is a pleasure to thank M. Lax for helpful dis- 
cussions and W. F. Flood for the specimens and 
data. 





1J. R. Haynes, Methods of Experimental Physics, 
edited by K. Lark-Horovitz and V. A. Johnson (Aca- 
demic Press, Inc., New York, 1959), Vol. 6, Part B, 
p. 322. 

*The equation used is R,/R,=(T7,*?/T,¥) exp(Ep/kT, 
-Ep/kT,), where R is the ratio of the area under the 
sharp lines to that under the exciton line at tempera- 
ture T, A factor N,/N, should be included if the neu- 
tral donor population changes significantly between T, 





and T). 

3G. G. Macfarlane, T. P. McLean, J. E. Quarring- 
ton, and V. Roberts, Phys. Rev. 111, 1245 (1958). 

‘M. A. Lampert, Phys. Rev. Letters 1, 450 (1958). 

°A. Ore, Phys. Rev. 83, 665 (1951). 

®Using the experimentally determined value of E D 
=0.1Ej and reversing Lampert’s argument, we obtain 
a value for the dissociation energy of a positron bound 
to a negative hydrogen ion (or an electron bound to an 
antiproton by two positrons) of 0.1(13.6)=1.4 ev. 
This is 20 times as large as Ore’s calculated value. 

"Walter Kohn (personal communication). His reason- 
ing follows: For donor impurities the minimum energy 
of the complex will occur when the effective mass of 
the hole, ™p<<m™e, the effective mass of the electron. 
For this condition the “Bohr radius” of the hole is so 
much larger than that of the two electrons that the sys- 
tem can be considered as consisting of a hole bound to 
a single negative electronic charge of relatively infi- 
nite mass. The dissociation energy Ep=E,+E,-E,, 
where E, is the energy required to remove the hole, 
E, is the energy required to remove one of the elec- 
trons, and E, is the energy gained in forming an exci- 
ton out of the freed electron and hole. But E,=Ey so 
that Ep/E;=E,/E;, where E, is the energy required to 
remove an electron from a negative hydrogen ion 
(0.75 ev) and E; is the ionization energy of hydrogen 
(13.6 ev). Thus, the minimum energy of Ep/E;=0.055. 
The value of Ep/Ej will increase monotonically with 
my,/Me, reaching (when ™p >>mMe) the asymptotic 
value E p/E; = (dissociation energy of a hydrogen mole- 
cule) /E;j =4.5/13.6=0.33. 





SEARCH FOR DOUBLE-QUANTUM EMISSION IN THE DECAY OF Xe131m 


Torsten Alvager and Hans Ryde 
Nobel Institute of Physics, Stockholm, Sweden 
(Received March 14, 1960) 


As a competing process to the single-quantum 
decay of an excited nuclear state there is a 
double-quantum transition in which two gamma 
rays or conversion electrons are emitted simul- 
taneously.’»?»* This second order process gives 
rise to a continuous distribution of the emitted 
gamma rays. The structure of this distribution 
depends mainly on the multipolarity of the two 
transitions. To date no experimental evidence 
has been found for the existence of two-quantum 
emission. 

The possibility for detecting two-quantum 
emission should be largest when the single quan- 
tum transition is suppressed. This is, for ex- 
ample, the case in the 0+—0+ transition in Zr™, 
where a single gamma transition is forbidden. 
The intense bremsstrahlung from the decay of 


Y® seems, however, to make the observation of 
the double-quantum emission difficult. Another 
possibility for studying the double-quantum 
emission is in connection with a transition of 
high multipolarity. In this case the de-excitation 
can occur also by the emission of two quanta of 
lower multipolarities. This should be the situa- 
tion in the decay of the isomeric h,,,. level in 
Xe** to the ground state by the 164-kev M4 tran- 
sition. The relative intensity of any other gam- 
ma ray in this decay is estimated to be very low. 
Using an harmonic oscillator potential, Eichler 
and Jacob® have calculated the ratio between the 
transition probabilities for double- and single- 
quantum emission in the decay of Xe131™_ They 
obtained the ratio 5x10-°. The weak, two-quan- 
tum distribution is very difficult to observe di- 
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rectly as it is usually masked by other processes 


giving similar distributions (i.e., Compton pro- 
cesses and bremsstrahlung). However, it would 
be possible to investigate the double-quantum 
emission by studying coincidences with the x 
rays from the internal conversion. Transitions 
of all energies are then detected in a narrow re- 
gion (as x rays), which makes the observation 
more favorable compared with a distribution 
measurement. 

The source, used in this investigation of the 
decay of XelS1m_ was prepared by an electro- 
magnetic isotope separation of Xe, which was 
previously isolated as the daughter product of 
I’, The strength of the Xe source was about 
0.1 uC. The sample was placed between two 
Nal(T1) crystals with 180° geometry. The back- 
scattering from one crystal to the other was 
hindered by a lead and copper shield between the 
crystals. The source was surrounded by a thin 
Al foil stopping the conversion electrons. The 
pulses from one crystal were fed to a multi- 
channel pulse-height analyzer, while the pulses 
from the other one were introduced into a 
single-channel analyzer. The position of this 
was varied in steps over the whole energy re- 
gion up to 165 kev, while the multichannel ana- 
lyzer in all cases recorded pulses correspond- 
ing to the x-ray region. Figure 1 shows the 
coincidence counting rate for the x-ray peak for 
different positions of the single channel. The 
points are corrected for the decay of the sample 
(7. =12 days), and also for the change in coin- 
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FIG. 1. Coincidence measurements between y and 
x rays in the decay of Xe131™, 


cidence efficiency when both channels accept 
pulses due to x rays. 

For each position of the single channel, the 
pulses obtained which are in coincidence with 
the x-ray pulses detected in the multichannel 
analyzer can be due to different processes. No 
genuine coincidences with x rays occur to a firs; 
approximation with the Xe!31™ sample, but a | 
small I“ impurity gives rise to real coinci- | 
dences. The correction due to the admixture of § | 
I'*! is, however, very small. The rate of acci- § | 
dental coincidences is measured to be less than § | 
2% of the observed counting rate. Other events § ! 
that may contribute to the observed effect are: 

(1) Scattering from one crystal to the other, § | 
especially of iodine x-ray escape photons. Thes § | 
effects are suppressed to a negligible value by 
the lead shield between the crystals. i 

(2) Internal Compton effect, which shouldbe § : 
small for this transition energy. 

(3) External bremsstrahlung from the conver- § : 
sion electrons, which is measured to be negli- 0 
gible. ¢ 

(4) Compton scattering by K electrons (negli- § ) 
gible). l 

(5) K-electron ionization of Xe (about 1 yg fe 
carrier in the sample), by the emitted K conver- § ° 
sion electrons. This has been checked to be 
negligible. 

(6) An intermediate level. 

(7) Double-quantum emission. 

Among these effects, only the last three are 
able to give rise to the observed peak in Fig. 1. 5 
As No. 5 is negligible and No. 6 is very impro- § , 
bable, the two-quantum emission is the most (. 
probable possibility. This is also supported by § § 
the measured distribution in Fig. 1. 

From the peak in Fig. 1 it is possible to esti- 
mate the ratio between the double- and single- 
quantum emission. Assuming transitions of 
E2M2 type, a ratio of about 2x 107° is obtained 
after correction for internal K conversion. This 
ratio, however, contains a large uncertainty, 
mainly due to the fact that the conversion coef- 
ficients used are those calculated for emission 
of only one electron, while in the present case 
there is an emission of two K conversion elec- 
trons simultaneously. 
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RESONANT ELASTIC SCATTERING OF C” BY CARBON 


D. A. Bromley, J. A. Kuehner, and E. Almqvist 
Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 
(Received February 29, 1960) 


l). 


(1959). 


The elastic scattering of C” by carbon has 
been studied in the range 6 <E),,,°<29 Mev, 
ysing high-resolution Au-Si surface barrier de- 
tectors' and carbon ion beams of precisely de- 
fined energy from the Chalk River tandem ac- 
clerator. Excitation curves have been measured 
for Sab = 45°, 28.8°, and 19.5°; at energies above 
the Coulomb barrier, those at 45° and 28.8° show 
pronounced resonance structure corresponding 
to excitations in Mg** > 24 Mev while that at 19.5° 
shows only very weak residual structure. This 
isbelieved to be the first reported example of 
such resonant phenomena in heavy-ion reactions. 
marked contrast to these results for the C+C 
ystem, Similar measurements for O** ions on 
aygen targets show no such resonant behavior 
corresponding to similar excitations in S**. The 
binding energies in Mg** and S* are 14.08 and 
16.54 Mev, respectively; the calculated? Q values 
for nucleon and alpha emitting reactions are 
equal to within ~2 Mev for the two systems. 


Figure 1 shows the 45° (¢¢_m, = 90°) excitation 


FIG. 1. Excitation curves 
for the elastic scattering of C'? 
ty carbon and of O"* by oxygen. 
Sdf-supporting targets of car- 
bon (~ 50ug¢/cm?) and of SiO 
(0ug/em?) and 5x5 mm Au- 
fidetectors, have been used in 
these measurements. The in- 
st figure is a typical spectrum 
thay =45° obtained for 21.0- 
Mev carbon ions on carbon. 
lhe peak legend is as follows: 
tedouble peak at A arises 
fem alpha particles and pro- 
us from the reaction which 
wmpletely traverse the junc- 
ton and thus provide a meas- 
weof its thickness. B is from 
elastically scattered by 
utbon; C is for C’? elastically 
tattered by oxygen; D is from 
"elastically scattered by a 
tsidual phosphorous contam- 
unt from the stripping com- 
und used in preparing the 
uyget, and E is from C!? elas- 
tally scattered from traces 
heavier target contaminants. 
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curves for the C+C and O0+O systems. The 
dashed curves show the E~* dependence predicted 
for pure Coulomb scattering. In view of the 
agreement between the predicted and measured 
energy dependence (Fig. 1) and angular depend- 
ence (to be discussed later), the cross-section 
scale in Fig. 1 was obtained by normalizing to 
the Mott predictions at low energies. In the C+C 
case, there is no apparent correlation between 
the structural features of the excitation curves 
at the different angles studied suggesting that in- 
terference effects may be important. 

A typical heavy-ion spectrum is inset in Fig. 1. 
The system energy résolution made it possible 
to use pulse-height analysis to eliminate contri- 
butions from elastic scattering of the incident 
ions on target contaminants and from inelastic 
processes without the use of coincidence tech- 
niques. With ~ 50 ug/cm? carbon targets and 
2x2 mm detector areas, system resolutions 32% 
have been obtained using very simple transistor- 
ized current preamplifiers. 
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Using, as a first approximation, the “quarter 
point” analysis suggested by Blair,® interaction 10 





radii of 7.8 and 8.8 f are obtained for the C+C 2 
and O0+0O systems, respectively; these are to be C ON CARBON 
compared to the value of 8.0 f reported previously —--~— MOTT SCATTERING 


RUTHERFORD 


for the N+N system.* Assuming these interac- TTERING 


tion radii, the classical Coulomb barriers are 
6.6 and 10.5 Mev, respectively. As shown in 
Fig. 1, the shapes of the excitation curves are in 
good accord with the Mott scattering predictions 
for energies below the barriers; however, with 10 
increasing energy the experimental cross sec- 
tions are smaller than those predicted. For the 
O+0O system, the almost exponential decrease 
with very weak superposed structure, is charac- 
teristic of essentially all of the previously re- 
ported elastic scattering of deuterons,° alpha 
particles,® and heavy ions.’ The results for the 
C+C system are anomalous not only in that 
marked resonance structure appears, in some 
cases with fF < 200 kev, but also in that the cross 
section averaged over this resonance structure 
decreases much less rapidly with increasing en- 
ergy than in the other cases. 10 
In order to gain further information on this 
resonance behavior, angular distributions of the 
elastically scattered carbon ions have been meas- 
ured at several energies in the range studied; 10 
three typical distributions are shown in Fig. 2. 
As anticipated from the excitation curves, at en- 
ergies below the barrier, the Mott predictions 
for the Coulomb scattering of identical, spin- 10 
zero Bosons is in excellent agreement with the fe) 20 40 60 80 100 120 
experimental data. CENTER-OF-MASS ANGLE 
As the energy is increased above the barrier, 
however, the shape of the angular distributions 








E.y=11.25Mev 


RELATIVE YIELD 


=12.5 Mev 








FIG. 2. Typical angular distributions for C" 
elastically scattered from carbon. The Rutherford 


changes rapidly with energy as shown. This and Mott scattering predictions differ only in that the 
change is not monotonic; the distribution meas- latter includes the quantum mechanical interference 
ured at 13.34 Mev, for example, is very similar term arising from the identity of the incident and tar- 
to that at 11.25 Mev while that at 12.25 Mev is get nuclei. The three distributions have been dis- 
significantly different. Of particular interest is placed arbitrarily for presentation; however, the cor- 


the fact that the experimental minima at ~78° responding experimental and theoretical curves have 
c.m. been normalized in each case using the data of Fig. 1 


and 102° do net shift in angle with changing en- An experimental angular resolution ~0,5° has been 
ergy as predicted for Mott scattering. Such used in these measurements. 

stationary minima are, however, characteristic 

of the Blair model® predictions. In the case of 









the 11.25- Mev distribution, for example, the to the interaction radius quoted. 

predicted shape of the angular distribution agrees In the case of the 12.5-Mev data there is essen- 
well with that observed for %c.m. 7 65° assuming tially no agreement for any assumed lax < 10 
total absorption of all incident waves up to and since the predicted ratio of the cross section at 






including 1,,ax = 6; however, the predicted cross dc. m. = 90° to that at oc, m, = 80° is 210. Signifi- 
sections are a factor ~2 less than those observed cant improvement is obtained by assuming /max 
in this range. This fit is superior to that ob- = 6 and in addition total absorption of / = 10 with- 
tained with /;,3x~8, which corresponds classically out absorption of /=8, in that the above ratio is 
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reduced to ~3. More sophisticated analyses of 
these data are clearly required to produce ac- 
ceptable fits; such analyses are now in progress 
using an optical model. The preliminary results 
obtained with the Blair model do suggest, how- 
ever, that the resonance structure in the carbon 
excitation curve reflects the selective absorption 
of particular incident partial waves to form high- 
spin states of Mg”. 

Any successful explanation of the C+C reso- 
nance structure must also include the lack of 


' such structure in the O+O data at corresponding 


excitations. While the gross structure of the 
C+C curve ([ ~ few Mev) above the barrier may 


| well reflect size resonances in the effective op- 





ae 


tical potential, the fine structure (£200 kev) 


implies the formation of high-spin, quasi-mole- 
cular states with 7~ 10-7" sec. A number of dif- 
ferent mechanisms are consistent with these re- 
sults and while it is not possible to preclude any 
of these, that which appears most attractive in- 
volves the binding of the carbon nuclei into high- 
spin, dumbbell states through virtual nucleon 
transfer. On this basis, differentiation between 
the C+C and O+O systems would reflect the 

fact that in the energy range accessible, nucleon 
transfer reactions are energetically forbidden in 
the former and allowed in the latter, for ener- 


_ gies above the Coulomb barrier (Q ~- 11.5 Mev). 









It should be noted however that in the latter case, 
the transfer reaction products must penetrate 
much of the Coulomb barrier for the energies 
involved here. Moreover, in the O+O system 
both virtual and real transfer reactions involve 
the transfer of a nucleon between the p and d 
shells and are thus expected to be inhibited rela- 
tive to those in the C+C system which are within 





the p shell. 

If it is assumed that the fine structure in the 
C+C data of Fig. 1 reflects interference between 
the shape-elastic amplitudes and compound- 
elastic amplitudes corresponding to the quasi- 
molecular states (i.e., [a.2~Pto¢q) for the latter), 
the reaction excitation curve would not be ex- 
pected to show comparable structure (nucleon 
and alpha emission from such states is inhibited 
by the changes in shape and angular momentum 
required). Measurement of this excitation curve 
is in progress to further elucidate the mechanisms 
involved. 

The results reported herein are part of a pro- 
gram of study of heavy-ion interactions now in 
progress. Later, more complete publications 
will present excitation curves at other angles, 
angular distributions at other energies, and si- 
milar measurements for other systems. 

We are indebted to Dr. E. Vogt for discussions 
concerning these results. , 
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QUESTION OF NUCLEON CLUSTERS IN THE NUCLEAR SURFACE* 


I. E. McCarthy and D. J. Prowse 
University of California, Los Angeles, California 
(Received January 25, 1960; revised manuscript received February 23, 1960) 


It has been suggested by Wilkinson! that strong 
evidence for the existence of nucleon clusters in 
the region of the nucleus where the density is 
less than 20% of its central value (defined as the 
periphery) is provided by the absorption of K~ 
mesons by nuclei in photographic emulsions. 

The ratio of two-nucleon to one-nucleon reactions 
4s determined from the hyperon energy spectra 





is appreciable—about 20%.? 

There is strong evidence that the K' meson 
reacts with the nucleus in the periphery. The 
mechanism has been described by Jones.* The 
K~ meson is captured in a Bohr orbit, and cas- 
cades electromagnetically into a 5g orbit for 
heavy emulsion nuclei. (Light nuclei will not be 
considered here; the same considerations apply.) 
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In this orbit the probability of capture by the 
nucleus is comparable with the probability for 
the next electromagnetic transition. This is not 
sensitive to any nuclear model since the K” mes- 
on remains in the 5g orbit for 10~*” second in 
which time it is practically certain to encounter 
a nucleon. 

Wilkinson’s argument is that the two-nucleon 
reaction occurs in the periphery. Hence there 
must be a high probability of finding two nucleons 
closely correlated in momentum in this region to 
account for the appreciable probability of the 
two-nucleon reaction. If this is the case the 
many-body problem of the finite nucleus would 
be extremely difficult. The approximation made 
by Brueckner et al.,* that the correlations in nu- 
clear matter of low density are similar to those 
in infinite nuclear matter of that density, would 
be invalid. On Wilkinson’s model, the correla- 
tions would be more like those in saturated nu- 
clear matter. Fortunately, however, it is pos- 
sible to construct a model for the explanation of 
the K' meson results which does not require 
peripheral clusters. Wilkinson assumes that the 
mechanism for the absorption of the K_ meson is 
a reaction with the first nucleon or cluster that 
it encounters. However, it is known from the 
interaction of K” mesons in a hydrogen bubble 
chamber* that the cross section for elastic scat- 
tering (at appreciable angles) is roughly equal to 
that for the catastrophic reaction producing a 2 
hyperon. 

A mechanism which reconciles the above ex- 
perimental facts is as follows. In many cases, 
the K meson is elastically scattered by the first 
nucleon it encounters. That is, it transfers mo- 
mentum and angular momentum to the nucleon. 
According to the Pauli principle the angular mo- 
mentum of the nucleon must be increased (low 
angular momentum states are occupied), so the 
K™ meson drops into a part of the nuclear surface 
where the density is comparable with that of satu- 
rated nuclear matter. (Only hyperons originating 
near the surface will escape from the nucleus. 
The distinction between the periphery and the 
denser part of the surface is important.) 

The cross section for such an elastic scatter- 
ing will be inhibited by the Pauli principle. If 
the momenta of the K” meson and the struck nu- 
cleon are comparable, the cross section will be 
reduced by a factor of about 2. Clearly the mo- 
menta are at least comparable; in fact, to the 
extent that the uncertainty principle allows one 
to speak of localized momenta® the K~ meson has 
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higher momentum since its wave function is less } 
smooth in the region in question. 

We would expect most of the one-nucleon even; 
to take place in the periphery, but all of the typo. 
nucleon events to take place in a region where 
the density of nuclear matter is an appreciable 
fraction of its maximum value, where a smal] 
number of one-nucleon reactions would also be 
expected. Confirmation that this is the case ? 
comes from recent measurements at Livermore 
and UCLA’ of the charged pion spectrum from 
the absorption events; positive pions are observe 
with energies in excess of 100 Mev whereas the 
spectrum would be expected to cut off at 90 Mey 
if a reasonable proton momentum distribution is 
used. The only possible explanation for these 
events which was first suggested by Gilbert, 
Violet, and White® is that the reactions take place 
in a region where the = hyperons can be produced 
in negative energy states (i.e., deep in the nuclex 
surface) thus enabling the pion to carry away mor 
energy than would be possible for a collision 
taking place in the periphery. This experimental 
result is good evidence for the model explained 
above which provides the required mechanism, | 
introducing the K mesons deep into the nuciear 
surface. 

There is evidence® that (p,a@) reactions are di- 
rect, and because of the short mean free path of 
@ particles in nuclei, are predominantly of a sur- 
face nature. There is, however, a strong dis- 
tinction regarding clustering which must be 
drawn between the denser part of the surface 
(9 >20%), into which protons are quite capable } 
of penetrating and from which a particles are 
capable of emerging, and the periphery where 
the K” mesons must be removed from the en- 
trance channel. | 
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COLLISIONAL DE-EXCITATION OF (7~,») ATOMS” 


J. E. Russell and G. L. Shaw 
Department of Physics, Indiana University, Bloomington, Indiana 
(Received February 26, 1960) 


Preliminary results of a recent experiment by 
Fields et al.’ to determine the time ¢, required 
by a 7” to be slowed down from an initial velocity 
of 0.05c and absorbed in a hydrogen bubble cham - 
ber yield tg =(4+2)x10™ sec. This result is 
based on two 7” ~ 1 ~ + decays found among 
70000 stopped pions. 

The purpose of this note is to suggest that this 
result lends added support to the conclusion of 
Day, Snow, and Sucher’ that absorption from P 
states is suppressed in (K~, p) atoms. 

It will be shown that the experimental value of 
tq indicates that 7“ mesons are absorbed pre- 
dominantly from atomic S states with n >3. Two 
arguments will be offered in support of this con- 
jecture. (1) An improved calculation of collisional 
de-excitation rates indicates that the minimum 
time required for a 7” to reach a state with m =1 
or 2 exceeds tg. (2) Absorption from the states 
3S and 4S is consistent with calculated de-exci- 
tation rates and may be accounted for by the 
Stark effect reshuffling of / values discussed re- 
cently by Day et al. in connection with the absorp- 
tion of K“ mesons in hydrogen. 

In Wightman’s® theoretical investigation of the 
moderation of negative mesons in liquid hydro- 
gen, it was concluded that a 7~ is slowed down 
from a velocity of ~0.05c and captured by a 
hydrogen molecule to form a highly excited 
(r”,H,*) system in ~107!? sec. The (7~,H,*) was 
expected to break up in a time <107** sec yield- 
ing a (7~, p) atom in a state of high excitation 
(13Sn 29). Three processes were discussed 
in connection with the subsequent de-excitation 
of the (r~, p) atom. (1) For 2213 a (17, p) is of 
molecular dimensions, and it was argued that 
the reaction (1~, p) +H, ~(1~, p) +H, +H, proceeds 
with a total cross section that is, from qualita- 
tive considerations, approximately geometrical. 
Since the dissociation energy of a hydrogen 
molecule is 4.7 ev, Wightman estimated that the 
mesonic atom would emerge from the collision 


with ~1 ev recoil kinetic energy. (2) Ejection 

of an Auger electron from an H, molecule was 
found to be most important for 45313, the 
mesonic atom acquiring essentially no recoil 
energy. Wightman’s calculation of the Auger 
effect was semiclassical: a hydrogen atom and 

a (1, p) were held a fixed distance apart, and the 
motion of the meson was described by a Bohr - 
Sommerfeld orbit. Probabilities were calculated 
for Auger transitions induced by the oscillating 
electric dipole field of the mesonic atom, and the 
cross sections inferred from them were appreci- 
able (much larger than geometrical for large n 
and small An), indicating that de-excitation was 
rapid. (3) The dipole moment of the (1~, p) de- 
creases quadratically with m, and it was esti- 
mated that radiative transitions would predom- 
inate for n <4. 

A reliable knowledge of de-excitation rates 
would indicate a lower limit to the time necessary 
for am to reach an atomic state with principal 
quantum number 7. Since the lifetime for the 
fastest radiative process, the 2P ~1S transition, 
is 6.8 x10-™" sec, the results of Fields et al. in- 
dicate the need for an improved calculation of 
the Auger effect, the classical atomic orbits 
employed by Wightman being inappropriate for 
low quantum numbers. It is also necessary to 
ascertain that modes of de-excitation other than 
those discussed by Wightman are negligible. 

Using the Born approximation, numerical 
values of the total cross section a, (n, 1;n’, 1’) 
for Auger de-excitation from the state (n, 1) to 
the state (n’, /’) were computed for various values 
of the velocity v of the mesonic atom. It was 
assumed, as Wightman had also assumed in his 
calculations, that the liquid hydrogen existed in 
atomic rather than in molecular form. The en- 
tire system was treated quantum mechanically: 
the relative motion of the (7~, p) and the H, atom 
was described by plane waves, and hydrogenic 
wave functions were used for the initial and final 
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states of both atoms. It was found that for v < 10° 
cm sec~! the o4 were very nearly proportional 
to (1/v), and that for »~10° cm sec~! and n <4 
they were less than geometrical (i.e., <7a,°). 
Mesonic atoms can, in principle, also be de- 
excited by being scattered inelastically without 
ejecting an Auger electron. This was also in- 
vestigated in Born approximation. For given 
values of (n, 1) and (n’, 1’) the sum of the de- 
excitation cross sections involving excitation of 
discrete levels of a hydrogen atom was negligible 
(0.0104). On the other hand, the cross section 
for the process in which the H, atom remains 
unchanged was found to be comparable with o,. 
However, this latter process, which is due en- 
tirely to the interaction between the mesonic 
atom and the proton, involves a large momentum 
change and can occur only when the two are quite 
close to one another. The Born approximation 
did not take into account the distortion of the 
wave function for the relative motion of the two 
atoms which occurs at small distances. The 
kinetic energy of the (7~,) is, at most, several 
ev, while for low values of » the potential energy 
of a proton at a distance R =(n,l\r\n,1) from the 
center of a (1~, p) is several hundred ev. The 
calculation was repeated inserting an infinite 
repulsive potential of radius R between the two 
atoms. In the low-energy limit, where only in- 
cident S waves need be considered, it was found 
that this cross section was reduced by a factor 
> 10°. 

The transition rate y4(n, 1;n’,1’) for Auger de- 
excitation is given by y, =Nvo,, where N =3.5 
x10” cm™ is the number of hydrogen atoms per 
unit volume in an H, bubble chamber. The Auger 
transition rate y ‘A> the radiative transition rate 
YR, and the lifetime Tm, are listed for low values 
of (n, 1) and (m’, 1’) in Table I. Since the first 
Born approximation does not take into account 
any damping processes, it is reasonable to ex- 
pect that the computed values of o,4 overestimate 
the Auger cross sections and that, consequently, 
the resulting values of 7, 7 underestimate the 
de-excitation lifetimes. Therefore, Table I in- 
dicates that it is unlikely that a 7~- could reach 
a state with m =1 or 2 in a time less than ¢). 

Day, Snow, and Sucher* have adduced reasons 
for believing that K~ mesons captured by protons 
in liquid hydrogen should be absorbed predom - 
inantly from high S states. They argue that an 
excited (K~, p) atom colliding with a hydrogen 
molecule experiences an intense electric field 
and, due to the Stark effect, may readily trans- 
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Table I. Radiative and Auger transition rates YR 
and y4 and the resulting lifetimes ™. ]° 





——— 








YR YA Tn] 

(2,1) @’,l’) (10" sec!) (10! sec™) (107? seq) 
2P 1S 14.9 0.3 6.6 
3D = 2P 1.5 8.4 10.1 
3P—s_-2S 0.5 2.9 

1S 3.9 re 13.6 
4F 3D 0.3 83.8 1.2 
4D 3P 0.2 42.7) 

2P 0.5 1.1 2.2 
4P 3D 0.0 2.1 

38 0.1 18.6 

2S 0.2 0.5 +2 

1S 1.6 0.0 





fer some of its orbital angular momentum to the 
motion of its center of mass. Consequently, the 
populations of the high S states, from which ak 
is quickly absorbed, are continually being re- 
plenished, and very few mesons reach states 
with » =1 or 2. 

This same mechanism may be expected to be 
operative during the de-excitation of (7~, p) atoms, 
the only difference being that absorption is re- 
stricted to lower values of m, since the S-wave 
mp interaction is much weaker than that of the 
Kp system. The absorption rate Yng Of am” in 
the nS state is* 1.1x10'5/n* sec™. The rapid 
absorption found by Fields et al. may be accounted 
for if ¢,, the time elapsing between close colli- 
sions, is short enough to assure that the S states 
are quickly refilled. If, following Day et al.,’ 
it is assumed that a (7~, p) atom with principal 
quantum number » emerges from each Stark 
effect collision with its S state populated statisti- 
cally, the resulting average absorption rate 7, is 
given by 


a a -YnSte 
7, =m t) (l-e ). 


To account for the experimental results it is 
required that (y,)~*<t,, a condition which is 
satisfied for n <5 and ¢,.~107** sec. 

Two points should be noted in connection with 
this scheme. 

(1) The values of (y,)* and ¢, require that the 
(1~, p) atom be brought from the state in which 
it is initially formed to a low state (3 <” <5) in 
a very short time (~10~” sec). Although this 


















allows time for only a few collisions, it would 
not be inconsistent with Wightman’s calculations, 
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which indicated that for large values of the de- 
excitation rates would be exceedingly high, thus 
making possible appreciable changes of m during 
a single collision. In fact, Wightman had pointed 
out that an Auger transition, in spite of its selec- 
tion rule A/=1, could effect large changes of n 
and / if it were preceded by a virtual Stark effect 
transition. 

(2) If the initial de-excitation proceeds very 
quickly, it is unlikely that the (1~, p) could be 
moderated to thermal velocities (~10° cm sec™) 
inthe course of a few collisions. Since a mesonic 
atom travels ~10~’ cm between close collisions,” 
a value of t- ~10~** sec indicates that the (1~, p) 
has a velocity of v~10®° cm sec™, corresponding 
to the kinetic energy of about 1 ev which Wight- 
man had estimated it would have after breaking 
up an H, molecule. Although the 7p interaction 
shifts the binding energy of the nS state® (6/n*) 
ev below that of the other states with the same 
n, a large kinetic energy would tend to suppress 
any tendency for the population of the S states 
with 3<n <5 to be appreciably different from 
statistical following a close collision. Moreover, 
the small wavelength (X ~5x107'° cm) associated 
with this velocity would facilitate the transfer of 
orbital angular momentum during Stark effect 
collisions, thereby eliminating Adair’s® objec- 
tions [at least for the case of (1~, p) atoms] to 
the original arguments of Day et al., who had 
assumed a velocity of ~ 10° cm sec“. 

It should not be supposed that the collisional 
de-excitation of a (K~, p) atom necessarily pro- 
ceeds as quickly as that of a (7~,p), since the 
cross sections for energetically allowed Auger 
transitions decrease rapidly for 212, while the 
size of the (K~, p) is still less than molecular 


dimensions for 325. However, despite the 
somewhat increased likelihood of a (K”, p) being 
moderated to thermal velocities by the time it 
reaches low » values, the very intense S-wave 
Kp interaction makes it possible, as Day et al.’ 
have pointed out, to avoid Adair’s objections by 
only considering the absorption of K~ mesons via 
virtual Stark effect transitions during the actual 
collision processes. Nevertheless, without re- 
gard to the details of Stark effect reshuffling, 
the de-excitation of a (K~, p) should not differ in 
any very significant way from that of a (1~, p), 
and, consequently, the experimental value of t, 
would appear to give evidence that there is some 
mechanism whereby K~ mesons are absorbed 
predominantly from S states. 

The authors wish to thank Dr. M. H. Ross for 
several helpful discussions and the Indiana Uni- 
versity Research Computing Center for the use 
of their facilities. 
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Using data on the scattering of K * mesons in 
emulsion,’ together with data on the scattering 
of K* mesons by hydrogen? (T=1), we have in- 
vestigated the K*-nucleon interaction in the 
T =0 state. The method used requires only sim- 
ple hand calculations and is believed to be quite 
accurate at high energies. The emulsion data 
of Zorn’ are summarized in Table I. The K*-p 
data may be summarized in terms of the S-wave 
effective range expansion as follows’: 


oie hh ay (1) 


Rem, ©, a, cm. 1 


with a, =0.34 f, r,=0.50f, where a, and 7, are 
accurate to about 10%.* For the energy region 
under consideration here (incoming kinetic 
energy less than 350 Mev), the K* -p angular 


distribution indicates that the T =1 phase shifts 
for L 21 may be neglected. 

If we assume that the elastic scattering of K* 
on nuclei is given by a complex square well 
potential of depth V+iW, then in the WKB ap- 
proximation one finds® for the total inelastic 
scattering cross section: 


ne) =? SII -e re +AR)}. (2) 
Here R is the radius of the nucleus with 
R=1.2A™“* x10 cm and A = -4E KW /(Rjaph’). 
Equation (2) is valid when (V +iW)/Ex <1 and 
Rap > 1. Equation (2) is, of course, averaged 
over the representative elements of the emul- 
sion. The total inelastic cross section then de- 
termines A and hence W. The values of A de- 


Table I. The emulsion data of Zorn,®* the quantities X and A, the K*-nucleon phase shift parameters, and the 
optical potentials derived from these data. Ty is the average laboratory kinetic energy of the K meson in each 


energy interval. 











TK=180 Mev TK = 255 Mev TK = 340 Mev 
o. . (mb) 357 +27 412 + 32 406 + 35 
inel 
emulsion 
% x 
P-( = 0.24 +0.04 0.51 + 0.08 0.70+0.12 
emulsion 
Co -Co 
inel c.x. 
= cmalsten | 70 +14 139 + 25 167 +31 
A (f~4) 0.36 + 0.06 0.51 +0.10 0.49 +0.11 
X (f?) 0.038 + 0.011 0. 089 + 0.023 0.106 + 0.029 
6, (rad) -0.52 -0. 64 -0.76 
5p (rad) -0. 035 + 0.087 0.14+0.31 0.26 +0.12 
Ho 0.03 + 0.03 0.16+0.13 0.37 +0.09 
Vg (Mev) 17.3 14.5 12.1 
W (Mev) -12.1+2.0 -19.0+3.7 -19.5+4.4 








8See reference 1. 
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termined from the experimental data are given 
in Table I. In the impulse approximation the 
optical model potential is® 
h? 
Hap eae : 
4 3\? 
+o. ix (37R") 





V +iW = -2nAf (0) (3) 


fora square well, where A is the mass number 
of the nucleus, Rab is the wave number in the 
laboratory system, k, ,, is the wave number in 
the X*-nucleon center-of-mass system, Ex is 
the total laboratory energy of the K meson (in- 
cluding rest energy), and f(0) is the forward 
scattering amplitude in the K*-nucleon center - 
of-mass system averaged over isotopic spin. 
(Note that for R ~A™S Eq. (3) is independent of 
A.] Thus 

f (0) =a, f ,(0)+a,f,(0), (4) 
where the subscript denotes the isotopic spin 
state, and a, =(A+Z)/2A, a,=(A -Z)/2A. If only 
the S-wave phase shifts need be considered for 


T=1, and only the S- and P-wave phase shifts 
for T =0, 








1 i6 
f,(0)=-;——e’ ‘sind, 
c.m. 
; ‘ 
f,0) == 1 5% sind, +e" sind,, +2" sind, 9}. 
c.m. 


(5) 


Here 6, and 6, are the S-wave phase shifts in the 
T=land 0 states, respectively, and 59, 27 are 
the T=0, L =1 phase shifts for states of total 
angular momentum J. In terms of these phase 
shifts A is 


6A 
A = aps t% sin*6, +a@,sin?6,+3a,u,}, (6) 


Uy = 8in*5,, + Zsin?5,,. (7) 


If we assume that phase shifts for L > 2 may 
be neglected in the T =0 state, we may write the 
otal cross section for the charge-exchange re- 
action, K*+n~K°+p, as 





0 1 
c.x. 
: z =X ~~ a. [sin?(5, - 5,)+3y,]. (8) 
c.m. 


A good approximation to the total charge- 


and X determined from experiment (Table I), we 





exchange cross section in emulsion at high en- 
ergy is 


emulsion _ i .. (9) 
c.Xx. c.X. 


where N’ is the average number of neutrons with 
which the K meson may interact per emulsion 
nucleus. If there were no attenuation of the in- 
cident beam, we would have N’=N, the average 
number of neutrons per emulsion nucleus. (In 
the usual way we treat the nuclear emulsion as 
a mixture of N:Br:Ag in the ratio 56:22:22, so 
that N =27.2.) In general N’ can be obtained by 
multiplying the density of neutrons at position Fr 
by the probability that the meson reaches fr with- 
out being scattered inelastically, and integrating 
over all f. For a uniform medium this gives 

Nias one (10) 


with ojne) given by Eq. (2). The average value of 
N’/N is about 3 at these energies. Values of X 
determined from the emulsion data are given in 
Table I. 

Equations (9) and (10) may be used because of: 
(a) the incoherence of charge exchange scatter - 
ing in nuclei; (b) the high incident kinetic energy; 
and (c) the very small probability of multiple 
charge exchange collisions. It turns out that the 
mean free path for a charge exchange collision 
in nuclear matter at the energies considered 
here is greater than ~10f. There is also only a 
very small probability that an inelastic non- 
charge-exchange collision (involving a large 
energy loss) will be followed by a charge exchange 
collision because of the very rapid decrease of 
the charge exchange cross section with decreas- 
ing energy. Attenuation due to inelastic scatter - 
ing may, of course, not be neglected. Compari- 
son with the geometric cross section of the total 
inelastic cross section and the charge exchange 
cross section indicates readily why this is to be 
expected, since 0.1 <o¢ x °mulsion , Rp? <9,3 
whereas 0.6 < oj,.;/7R’ < 0.8, in the energy re- 
gion under consideration. For the geometric 
cross section we have used 


mR? =n(1.2 f)?[0.22(108)** + 0.22(80)** 
+0.56(14)**] = 556 mb. (11) 
By inserting in Eqs. (6) and (8) the values of A 


373 
























































VoLuME 4, NUMBER 7 PHYSICAL REVIEW LETTERS APRIL 1, 196 EY 
may solve for 5, in terms of 6,. The result is experimental values,’ a 
T 

k. = *((R°/6A)A - 4a X]-a,sin*s, V +iW =(20.7+ 2.3 -(7.9+1.2)i] Mev te 

sin(26, - 6,) = a sind at Tx = 150 Mev and® . 
0 1 h 


(12) 


This gives the values for 6, quoted in Table I. 
These values for 6, are consistent with the form 
56 = “he m.70? with ay= -0.080+0.068f, (13) 
where a, has been obtained by a least-squares 
fit. We may then solve Eqs. (6) and (8) for y,. 
These values also appear in Table I. It should 

be noted that the errors in 6, and yp, are cor- 
related. The independent experimental param - 
eters are dino) and P (Table I), so that A and X 
are correlated; these depend on both 6, and ip. 
The result is a strong correlation between the 
errors in 6, and », so that a small value of yu, 
will be associated with a large value of 6,, and 
vice versa. 

To get some idea of the magnitude of the P-wave 
phase shifts, we may write ug=sin*dop, where 
Sop is an “average” P-wave phase shift. (In the 
absence of spin-orbit splitting, 5 9p is the P- 
wave phase shift.) If we fit Sop to the form 


k 3 cotd y. (14) 
c.m. 


OP “(1/aop 
we find 


Iaop! = 0.44+ 0.03 f. 

To determine the individual P-wave phase 
shifts, one can use the real part of the optical 
potential, which can be written as the sum of an 
S-wave and a P-wave part. Thus 


= V 
V Vt p’ 


with 


+@ sin25 


Vo=T[a,sin26, 0 ol 


+2sin26 


= Ta [sin26,, 03 lL 


Vp 
ane , (15) 


The values of Vg obtained using Eqs. (1) and (13) 
are given in Table I. If the optical model poten- 
tial were known, Vp could be found and the two 
P-wave phase shifts determined by solving Eqs. 
(7) and (15) simultaneously. From the present 
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V+iW =[ 22+6 -(19.3+2.0)i] Mev 


at Ty = 260 Mev, we would conclude that Vpis 
small (indicating a large spin-orbit splitting) 
and repulsive. However, there is great uncer- 
tainty in the value of the optical model potentia| 
determined from experiment, so that these con- 
clusions are subject to considerable doubt. Fur- 
ther, there is some indication from a compari- 
son of inelastic scattering at low energies with 
Monte Carlo calculations [see, for instance, 

M. Grilli et al., Nuovo cimento 10, 205 (1958)] 
that the K*-nucleon cross section has a signifi- 
cant backward peaking, implying an attractive 
P-wave ampiitude. Future improvements in the 
elastic scattering data, with consequent improve- 








ment in the optical model parameters, and im- q 
provements in the analysis of low-energy data, K 
may help to resolve this disagreement. A 
nN 

* Work performed under the auspices of the U. S, c 
Atomic Energy Commission. f 


— 
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TNow at the University of Maryland, College Park, 
Maryland. 

t Now at the Case Institute of Technology, Cleveland, 
Ohio. 

‘Although much emulsion data exist, in this analysis 
we have used only those supplied to us by Dr. Gus T. b 





Zorn (private communication). We are very grateful n 
to Dr. and Mrs. Zorn for making their data available it 
to us prior to publication. ) fi 

*T, F. Kycia, L. T. Kerth, and R. G. Baender, t 


Phys. Rev. (to be published). 

5The angular distribution? at 225 Mev may be fit 
using a large P-wave phase shift in the J =} state 
with a negligible S-wave phase shift. However, the 
total K* -p cross section is nearly constant from low 
energies up to 275 Mev; this energy dependence is 
not compatible with a dominant P-wave interaction. 

‘These values are obtained if it is assumed that the 
data can be fit by an expression of the form of Eq. (1); 
the results of this Letter do not depend on this assump- | © 


tion, since 6; is used only in an energy region where § 
it is known from experimental measurements.” y 

5s, Fernbach, R. Serber, and T. B. Taylor, Phys. [f 
Rev. 75, 1352 (1949). t 


‘This equation and the conditions under which its 
use is justified have been written down in many places, 
see, for example, W. Riesenfeld and K. Watson, Phys. 
Rev. 102, 1157 (1956); H. A. Bethe, Ann. Phys. 3, 
190 (1958); A. K. Kerman, H. McManus, and R. M. 
Thaler, Ann. Phys. 8, 551 (1959). 

'G. Igo, D. G. Ravenhall, J. J. Tiemann, W. W. 
Chupp, G. Goldhaber, S. Goldhaber, J. E. Lannutti, 
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ad R. M. Thaler, Phys. Rev. 109, 2133 (1958). 

These authors treat the potential nonrelativistically; 

to convert the potential to the conventional relativistic 
form, as the fourth component of a four-vector, we 
have multiplied their result by My/Ey. 


8m. A. Melkanoff, O. R. Price, D. J. Prowse, 
D. H. Stork, and H. K. Ticho, Proceedings of the 
International Conference on the Nuclear Optical Model, 
Florida State University Studies, No. 32 (The Florida 
State University, Tallahassee, 1959). 











FINITE SELF-ENERGY OF CLASSICAL POINT PARTICLES 
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The infinite mass self-energy difficulties of 
quantum field theory already occur, as is well- 
known, in the corresponding classical theories. 
Although cutoffs may be introduced to effect re- 
normalization in both the classical and quantum 
cases, such procedures are physically unsatis- 
factory. We wish to point out in this note that at 
least for the static (Coulomb-type) contribution, 
one obtains finite results for the classical self- 
energies if the gravitational contribution to the 
total energy is included. Furthermore, it will 
be shown rigorously (in the static case) that the 


_ natural cutoff furnished by general relativity 


implies that all the mass of a point charge arises 


) from its total self-field and that a neutral par- 


ticle has no mass. 
Ithas previously been shown’ that the energy 
of the gravitational field is given by” 


. -[e, , 85, Bp es 


, : : , 
where dS; is a two-dimensional surface element 


at spatial infinity. When point particles or other 
fields (such as the electromagnetic field) are 
coupled to the gravitational field, Eq. (1) repre- 
sents the total energy of the combined system.*® 
We begin by considering the metric field arising 
from the coupling of a neutral static point par- 
tile, In isotropic coordinates [g;; = x*(r)5,;] the 
relevant field equation is 


-2(R°, - 3 R) (8g)? = -8yV2x 
= - Tg(*g)@=m,0°(r), 


were m, is the bare mass of the particle and 
Ft) is invariantly defined in three-space as a 


(2) 


scalar density,‘ i.e., [6°(r)d°r=1. The solution 
of Eq. (2) which is asymptotically flat is seen to 
be 


x(r) = 1+m,/[327rx(0)]. (3) 


The parameter m =m,/x(0) is given in terms of 
m, by 


m= or 2m,[1+(1+m,/8ne)7]"*. 
€~ 


(4) 


In Eq. (4), € is essentially the “radius” of the 

5° function. This relation between m and m, is 
a consequence of explicitly considering the 
source term in Eq. (2). From Eq. (1) one sees 
that E=m. That this energy is to be correctly 
interpreted as the total mass of the particle fol- 
lows from the fact that an isotropic time-sym- 
metric metric possesses no dynamical gravita- 
tional modes.® Thus E represents the mass of a 
gravitationally clothed one-particle system (and 
no dynamical gravitational excitations). From 
Eq. (4) then, this total mass approaches zero as 
(32am,e)”*. The gravitational self-mass for a 
neutral particle therefore cancels the bare mass 
m,. The physical origin of this result (m =0) is 
connected to the well-known fact that there is an 
upper limit, in general relativity, to the amount 
of energy that can reside in a given region. As 
the size of the particle (here €) goes to zero its 
mechanical energy content must vanish. We may 
note that the (incorrect) weak-field result for 
the self-mass could be obtained from Eq. (4) by 
taking the limit m, small before letting « tend to 


zero. Here one would find m =m, - $m,?/e+O(1/e?), 
the standard linearly infinite Coulomb-type self- 
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energy. Higher terms in this perturbation ex- 
pansion are more and more divergent. The cor- 
rect result, m=0, thus indicates the lack of va- 
lidity of the perturbation approach. 

If a particle is coupled to another field of non- 
zero range, it may be expected to have nonvanish- 
ing total mass due to the interaction with the 
other field. In flat space, one has, for electro- 
magnetic interactions, the infinite Coulomb self- 
energy 3e?/(47€). We shall now show that this 
infinite result is made finite when gravitational 
coupling is taken into account. The coupling of 
the electromagnetic field to the gravitational 
field is included in the generally covariant elec- 
tromagnetic Lagrangian, 
£am7A, me re 1(.g)-¥2 F at ag ae (5) 
where A, is the vector potential and 54” is the 
field strength tensor density. We are here em- 
ploying that formulation of the electromagnetic 
field in which A,, and S#” are to be varied in- 
dependently. This gives rise to the usual Max- 
well equations as well as to the relations between 
potentials and field strengths. The analysis for 
finding the independent dynamical variables of 
the Maxwell field proceeds just as in Lorentz 
covariant electrodynamics.® One finds that the 
canonical variables are A;? and §*7 25 — 9 ae 
transverse parts of A;, 4 (Aj? ;=0 = git i)- 
The longitudinal part of $* is determined by the 
differential constraint equation gt j=p where p 
is the charge density. 

In order to investigate the self-energy of a 
point charge, one must consider the coupled 
Einstein- Maxwell equations. For the static case 
these are 
ii 
2 


-8yV?x =m, 5°(r) + 4x7? § (6a) 


s° {= 20%). 


’ 


(6b) 


The term 4x~?64S* in Eq. (6a) is the electromag- 
netic energy density. The solution for x(r) is 


x?(r) = (1+ m/32ar)? - (e/16r7)?, (7) 


where m is related to the particle’s bare mass 

m, and its charge e by 

m= lim 16n{-€ + [e?+ (e/82)?+m,e/8n]*}. (8) 
e-0 

From Eq. (1), we again have E=m. As in the 

neutral case there are no dynamical gravitational 

modes excited, nor are there any transverse 

canonical electromagnetic modes present since 
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i 
the solution of Eq. (6b) we have taken, 5=(e /4,)j 
is purely longitudinal. Thus m is simply the ty, 
mass of the charged particle. The mass is fini, : 
and equals 2/e!, or in conventional units, 


m =y~* \e| /(4n)™. (9) 




















It should be stressed that this finite result has 
been obtained entirely within the framework of 
standard Einstein- Maxwell theory. The possibj.,; 
ity of a finite combined gravitational-electro- 
static self-energy can be seen already in New- § | 
tonian physics where -3ym?/e would compen- 

sate e?/4ne if Eq. (9) held. Of course, the rela. 
tion (9) between m and e was not chosen just to 
achieve this compensation, but was forcedin [fy 
order that solutions of the general relativistic fj, 
Eqs. (6) exist. That the total mass here is not By 
zero, unlike the neutral case, arises from the fy, 
fact that the electric energy term in Eq. (6a) is Iiy 
spread out in a nonzero region. Similarly, an Jy 
electrically uncharged particle coupled toa su 
Yukawa field, for example, will possess a non- jy 
vanishing finite self- mass independent of m,, Ho 
As in the neutral case, the weak-field limit can Bar 
be obtained by expanding in e and m, before let- B(/f 
ting €~0. One would get then m =m, -3ym,2/e fel 
+ 3e7/4ne + O(1/e*), and no compensation occurs Bgie 























since e and m, are independent parameters, sul 
which shows again the lack of validity of the per-B vo 
turbation expansion. po 


The solutions derived here for the neutral and Bbe 
charged one-particle states differ from the con- fby 
ventional Schwarzschild and Reissner- Nordstrom 
metrics in two ways. First, these usual metrics 
can be seen not to satisfy Eqs. (2) and (6), re- 
spectively, for any finite mass m, and in fact 
only solve the field equations for r>0. Hence 
the correct relation between the parameter m 
and the bare mass m, and charge e cannot be 
made for these solutions, i.e., one would fail to 
discover that, for a point particle, m is deter- 
mined by e. Second, the way in which the metric 
enters into the matter stress tensor is uniquely 
determined by the canonical formalism; this is 
not the case for the usual discussion of coupling 
in which there ic still ambiguity.’ 

The extension of the above results for the mass 
of a single point source to two-body solutions is 
(aside from its intrinsic interest) necessary to 
see whether these masses enter properly into 
the interaction energy. We have been able to 
carry out the analysis for the case of two chargé 
of the same sign. For simplicity, we consider 
here the situation of equal bare masses and equa 
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ed 
(e/4z)¥ 
the tot, 
is finite 


, 







= 
warges. In Eqs. (6), the term m,6°(r) is re- 
iced by m[5°(r-T,) + 6°(r-1,) ] and e6°(r) by 
in@-r,) + 65(r-r,)], where r, and r, are the po- 
itions of the point charges. The solution cor- 
sponding to Eq. (7) generalizes to the form* 
@)="(@) - g(r) where y=1+(a/32m)(\r-r,i~ 








(9 









It has, 7-r,|-*) and gy =(e/16z)(|r-r, I"'+ |F-F,"*). 
rk of rere the total energy E = 2a and the field equa- 


Ossibil-frions give 


‘tro- 

New- fF p-82n{-¢ +[e? + (e/87)?(1+x)? 

coke + (mge/8n)(1+x))*}[1+x]"4, (10) 
ust to 


din Jyherex=€/|T,-r,|. In the limit ¢ =0, one ob- 


‘istic tains E=4\e|=2m. Since the dynamical modes 
is not ofboth the Einstein and Maxwell fields again 

m the fyanish, E here represents the total energy of the 
6a) is Btwo particles. For two neutral particles (e =0), 
y, a2 fonehas E=0 in accord with the one-particle re- 


a suit. When e #0, one would have expected for 
a non- Blrge r,.=|1,-T,|! that E - 2m =[(e?/42) - ym?]/7,,. 
m, However, this interaction energy vanishes on 


rit can Baccount of Eq. (9). The rigorous result above 
re let- §/=2m) shows that the cancellation between the 
no'/€ [electrostatic and gravitational interaction ener- 


securs Fgies holds® even for small 7,,. While these re- 

fa, sults are consistent with those for one body, it 

he per-Byould be of interest to examine the case of op- 
posite charges where the cancellation would not 
ral and Bbe expected. This case cannot be obtained merely 
1e con- Poy changing the sign of the |r-r,|~ term in g(r), 
rdstromg since the electric field & corresponding to such a 
metrics§ metric has a transverse part, af, so that the 

, re- [fldtalenergy now includes a contribution from 

fact fihese pure electric dynamical modes. We have 
ence [ftbeen able to solve Eq. (6a) with 3=eV( \r-r,|-? 
arm [f-it-t,\") for an asymptotically flat 8ij- 

t be The compensation of the usual infinite static 

fail to § self-energies obtained here arises due to the 

leter- § distinctive nature of the gravitational coupling 
metric § vhich modifies the free Lagrangians of all fields 





iquely § ther than introducing an additive interaction 
his is § lagrangian. Ultimately, the interest of these 
yupling § classical results rests on their extension to 


wantum theory. Of course, the criteria for the 
he mass Welulness of a gravitational cutoff in that do- 
ions is § tain would depend not merely on finiteness but 
ry to. the numerical values it would yield. 
into 
e to 
charges 
sider 
nd equal 
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is the Newtonian gravitational constant. Latin indices 
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convention holds even if repeated indices are both co- 
variant. A comma represents ordinary differentiation. 
It should be mentioned that the energy of Eq. (1) de- 
pends only on the spatial part of the metric which con- 
stitutes the initial Cauchy data. Thus, to calculate the 
energy of the system one does not have to know 2» or 
any time development of the system. The same ex- 
pression for the energy may also be obtained from the 
usual surface integral forms of the energy [see for 
example L. Landau and E. Lifshitz, Classical Theory 
of Fields (Addison-Wesley Publishing Company, Inc., 
Reading, Massachusetts, 1951), Eq. (11-88), where 
Zr, Cancels out in the linearized asymptotic form 
valid at spatial infinity. 

’That this is reasonable follows from the fact that 
the energy of a system is the coefficient of 1/r in the 
asymptotic expansion of 9;;; see also IV. 

‘The (§g)!/? factor on the left-hand side of Eq. (2) is 
uniquely determined when one puts the Lagrangian 
including matter variables into canonical form (see 
IV). That it must be present follows obviously from 
the scalar density nature of the 63(v) function, 

51f one chooses the coordinate conditions x’ = 2g; 
-(1/20%)gT ,, t=-(1/20%)(n7 + v%ny (in the notation of 
reference 1), the analysis of the Nuovo cimento Letter 
would show that the canonical variables are g ij T and 
rjTT, These dynamical modes vanish everywhere 
when the spatial metric is isotropic and 14 =0 (initially 
static situation). 
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"Thus, in the usual treatment of the interior Schwarz- 
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even introduced. The standard “proper rest-mass 
density” parameter includes clothing effects in its de- 
finition in an unanalyzed manner. 

8See C. W. Misner and J. A. Wheeler, Ann. Phys. 
2, 594 (1957). 

8A corroboration of the absence of interaction en- 
ergy and therefore of forces between the particles is 
furnished by the fact that in the case m=2|e|, the ini- 
tial value metric described by ¥ and g determines a 
static solution of the Einstein equations [A. Papapetrou, 
Proc. Roy. Irish Acad. A51, 191 (1947)]. 
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POSSIBLE RESONANCES IN WEAK INTERACTIONS 
AND TEST OF THE INTERMEDIATE BOSON HYPOTHESIS OF TANIKAWA AND WATANABE* 


——$——__ 


Toichiro Kinoshita W 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York m 


(Received March 11, 1960) 


Weak interactions are described satisfactorily 
at low energies by the universal V -A theory,’ 


at least when no change of strangeness is involved. 


Up to now, however, no information has been 
available concerning the properties of weak in- 
teractions at higher energies. Recently Lee, 
Yang, and Schwartz? have pointed out that the 
neutrinos from the decay of high-energy mesons 
can be used to study weak interactions. In this 
Letter, we shall discuss possible deviations of 
the weak interactions at high energies from their 
low-energy behavior, identity of the neutrinos 
emitted in the m - uy decay and 8 decay,° and 
whether the weak interaction is basically of the 
Fermi type or Yukawa type.* 

Recently Glashow’ has pointed out that if the 
weak interaction is mediated by a boson, the 
cross section for the process 


V+e —(b)-p+u~ (1) 


exhibits a resonance at ~2.5x10" ev (assuming 
that the boson has the K-meson mass) where (bd) 
denotes an intermediate state consisting of all 
self-energy diagrams of the boson. Resonance 
of this kind takes place whenever the particle 

in the one-particle intermediate state has a 
mass greater than the sum of masses of incident 
particles. As is well known, the cross section 
at resonance is very large, and is independent 
of the strength of interaction. The width is re- 
lated to the lifetime of the intermediate particle. 
Thus, the widths for the processes caused by 
the known weak interactions such as 


V+e”° ~(n~)~D+e™ (or D+"), 
m~ +p —(A)—2~ +p (or 1° +n), (2) 


are 10°°-—10~’ ev, too narrow to be of immediate 
interest. On the other hand, if the weak inter- 
action is mediated by a boson as in the case (1), 
the width becomes of the order of 100 ev. This 
means that, even for an incicent beam with en- 
ergy spread of 100 Mev, the effective cross 
section is still about 10° Xopeconance» Which is 
quite enormous for processes involving weak in- 
teractions. 

Thus, the resonance scattering will be a very 
important tool for studying weak interactions at 
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high energies provided, of course, that weak 
processes actually occur through intermediat: | 
bosons. At least, it enables us to test the in. | ° 
termediate-boson hypotheses experimentally, 
Unfortunately, the advantage of the resonance \; 
partially lost in the case (1) because of the ver; 
high resonance energy in the laboratory systen. 
Thus, resonance scattering is not a practical — 
method to test an intermediate -boson hypothesis 
of this kind.* However, there is another kind o 
intermediate -boson theory proposed by Tanikay 
and Watanabe’*® which gives, as is shown beloy, 
resonance energies of only several hundred Me 
for some processes. The validity of sucha 
theory can therefore be tested without extreme 
difficulty using some of the existing accelera- 
tors. 

In the theory of Tanikawa and Watanabe, 8 
decay is assumed to be a second order effect of 
the basic interaction ) 





om 


ao = es 


H, =8,b(1 “ype B, +g,A(l -¥5)¥ By +H.c., (fF 


where e- denotes the charge conjugate operator 
of e and B, is a complex field describing a parti- 
cle with no spin and no electric charge. The B, 
particle is assumed to carry nuclecnic and lep- 
tonic charges so that the interaction (3) conserve? 
these charges. In order to reproduce the shape 
of the 8-decay spectrum, the mass of the boson 
must be greater than ~2300m,; such a mass 
also guarantees the stability of the nucleon.’ 
Similarly, the basic interaction for the pu cap- 
ture is 





= D - ni — wey 4) 
H, g,p(1 ¥p)H By +8A(l ¥,)0 Bo +H.c ( 


where w denotes the neutrino produced in the 

m - 4 decay which may or may not be identical 
with v.* In the rest of this Letter we will assum 
for simplicity that the masses of B, and B, are 
equal to mp=2300m,, and that g, and g, are 
equal to g, where 


g’/4n =6.4x107, (5) 


corresponding to the usual Fermi coupling con- 
stant G=10~°m,~*. In this theory, the 4 capture 


e? 
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occurs through a one-boson intermediate state: 











\BE* pu +p—(B)-wen, (6) 
which shows a resonance for some incident 
muons. Since the reverse process, 

w+n—-(B)-yu~ +p, (7) 
weak 

\ediate | is more interesting from the experimental point 

he in. | of view, we shall consider this in the following 

tally, paragraphs. 

nance is The total cross section for the process (7) is 

he very, gm Bp 7 

System, o= 2 2 27> = 1 az =«Cé 8+) 

tical | a, OY Og Tg e et, 

pothesis 

kind ¢ ea the resonance energy, where T m and 7), are 

anikay, the partial lifetimes for the decays B-p+p~ 

"ed Mer (m_?-m.?-m *) 

mt ae ee 

treme po 4n “_ 

lera- 

«as 2)2 _ 2 2 
x[(m, m, +m ) im, Mp ys 

» B 2 2 2)2 

fect of - 8 (ms “™n ) 

) ') “a ms (9) 
B 

ey 0 In the rest system of the neutron, (8) is reduced 
to 

erator r 

ea o-s— ris (10) 

re m, (E -E oy + af * y 

onserva? Where 

shape E.=(m_2-m_?)/2m_=265 M 

as 0 (m, m,, )/ m 5 Mev, 

1Ss 

; Pi =m p/(m_ 7) =120 ev, 
n. 
i r =0.88r . (11) 
Mm v 

At resonance, the cross section reaches 6.8 x10~*’ 

a cm’, which is independent of g. 

Of course, no neutron target at rest is avail- 
he able, so neutrons in a nucleus must be used. 

ue Because of neutron motion, neutrinos within the 

—— energy range 210-330 Mev may be scattered 

‘are resonantly by some neutrons. Therefore, we 

. shall see a smeared-out effect of the process (7), 
with an effective cross section ~2 107°? cm?, 
rather than a sharp resonance. If the intensity 

(5) § of the neutrino beam were 10°/sec and the neu- 





con- 









ton density of the target were 3 x10*°/cm*, the 
process (7) would occur once every 170 seconds 





for a target 1 cm thick. The background for the 
neutrino beam may be eliminated in the usual 
way by making use of a very thick absorber. 

The above estimate is based on the assumption 
that mp =2300m,. Since nothing is actually 
known about mp, however, it is necessary to 
measure the cross section of (7) at various 
neutrino energies. Although the neutrinos from 
the pion beam have a continuous spectrum, the 
resonance energy E,, and hence the mass mp, 
may be measured without very much trouble. If 
one fails to observe the process (7) for a wide 
range of neutrino energies, one can determine 
a lower limit for the mass of the B particle. 

Since the neutrino beam considered above con- 
tains neutrinos resulting from p -e decay, the 
process 


v+n—-(B)-e +p (12) 


will take place in addition to (7). If the neutrinos 
v and w are identical, all neutrinos will con- 
tribute to (12). Thus, the identity of v and w 
may be tested by examining the observed ratio 
of the processes (7) and (12).° 

We note that the resonance feature of the inter- 
mediate boson theory is not restricted to neutrino 
reactions. For instance, the process 


e~+p—(B)-e-+p (13) 


would contribute to electron-proton scattering. 
This contribution is isotropic in the center -of- 
mass system, and is about 5 x10~** cm’/steradian 
at resonance, the resonance energy and the width 
being given approximately by (11). It will thus 
dominate the Coulomb scattering at the reso- 
nance energy, except in the extreme forward 
direction. Since the energy resolution of the 
electron beam is ~1% at present, this contri- 
bution to the cross section is actually smeared 
out and becomes effectively ~5x10~*? cm’, which 
is still larger at large angles than the scattering 
due to the electromagnetic interaction.’° There- 
fore, the process (13) may be tested experi- 
mentally. For this purpose we have only to ob- 
serve the scattering (at a large angle) by in- 
creasing the incident energy continuously from 
about 250 Mev up to the maximum available 
energy. This is necessary since the width is 

very narrow and the exact resonance energy is 
not known, being a function of the unknown mass 
™ B- 
If either the process (7) or (13) were not de- 
tected, it would be sufficient to disprove the 
intermediate-boson theory of Tanikawa and 
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Watanabe.’ It should be noted, however, that 
some variants of their theory may be found 
which cannot be disproved by one negative ex- 
periment alone. Therefore, it is desirable that 
both of these experiments be performed. It 
seems to be rather difficult to invent a theory of 
the Tanikawa type which does not give a resonance 
in any of the processes v+p, v+n, e+p, and 
e+n, where v and e denote either particles or 
antiparticles. 

We conclude that it is probably worthwhile to 
search for possible anomalies in electron and 
neutrino reactions over the energy range which 
may be covered with the present accelerators 
before looking into weak processes at higher 
energies. 

I should like to thank C. R. Schumacher for 
checking some of the calculations. 
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AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS* 


Yoichiro Nambu 
Enrico Fermi Institute for Nuclear Studies and Department of Physics 
University of Chicago, Chicago, Illinois 
(Received February 23, 1960) 


In analogy to the conserved vector current in- 
teraction in the beta decay suggested by Feynman 
and Gell-Mann, some speculations have been 
made about a possible conserved axial vector 
current.’~* One can formally construct an axial 
vector nucleon current, which satisfies a con- 
tinuity equation, 


A , ad P= 2 —_. 


where p and p’ are the initial and final nucleon 
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momenta. Such an attempt has some appeal in 
view of the apparently modest renormalization 
effect on the axial vector beta decay constant 
(g4 /8y = 1.25), although the second appealing 
point,’ namely, the possible forbidding of 7-¢+?, 
has now lost its relevance. 

The expression (1), unfortunately, can be 
easily ruled out experimentally, as was pointed 
out by Goldberger and Treiman,° since it intro- 
duces a large admixture of pseudoscalar interac 
tion. 
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On the other hand, Eq. (1) arouses theoreti- 
cal curiosity as to the origin of the second term 
ifit really exists; according to our conventional 
field theory, we would have to interpret the de- 
nominator gq? as implying a massless, pseudo- 
scalar, and charged quantum bridging the nu- 
cleon and lepton currents. 

We would like to suggest that there may not be 
astrict pseudovector current conservation, but 
that we may have an approximate conservation 
yhich becomes rigorous in the limit g?>>m,’, 
Ms being the pion mass. Specifically, we pro- 
pose that the axial vector part of the nucleon 
beta decay vertex has the following form and 
properties: 





r A(p’,p) 
ul 


ip. a 


F,(0) = 84/8 =F (0), 


F,(q?)~F,(q’) for q >>m *. (2) 
The pion is then the analog of the massless quan- 
tum mentioned above. This is consistent with 

the dispersion relations expected for [ 

Namely, F, and F, should have in general the 


form 


Fg) =F (-m *) 


( 
- (q?+m By i ai 
ms +m?*)(m? - —_ 





(t=1,2), = (3) 


where m,=3m, unless there are new particles of 
lw mass. Thus the F’s will be slowly varying 
for |\q*|<<m,?. The conditions in Eq. (2) imply 
that F,/F,~1 for all q?. If m,=0 and F,/F,=1 
then we restore exact current conservation,’ and 
ve also expect F,(0)=g,4/gy =1. 

we adopt Eq. (2), the second term of I, A 
immediately gives a relation between gy, the 
pion decay (pseudovector) constant g,, and the 
pion-nucleon (pseudoscalar) coupling G,: 


Mg, =2MgyF,(-m *)=V2G g . (4) 


With gq = 1.25 gy =1.75x10-* erg cm’, * G,?/47 
*13.5, this gives a 7-p decay life of 2.7x10-® 


sec as compared with the observed value 2.56 
x107® sec. 

Goldberger and Treiman’® have arrived at the 
same relation Eq. (4) (in the limit of their self- 
energy integral J ~ «) from an entirely different 
approach. In our opinion, this is not a coinci- 
dence, as will be explained elsewhere. 

We are tempted to extend this approximate 
conservation of the axial vector (and naturally 
also the vector current) to the strangeness-non- 
conserving beta decays. We take, for example, 
the AN axial vector in the form 

(M A 

2 2 

q+m, 


+My) 64, (5) 





Ya , 
* (p »P)stvey ,- 


and attribute the second term to the pseudoscalar 
K meson.® The degree of accuracy of the rela- 
tion (5) will be poorer than in the previous case 
in view of the A-N mass difference (which de- 
stroys vectcr conservation) and the large K- 
meson mass. At any rate, we obtain an analog 
of Eq. (4): 


(M,+M))8,'* (6) 


K®K’ 
which relates the A beta decay axial vector 
coupling g4’, the ANK coupling Gx, and the K,, 
decay coupling gx. 

With the observed K , 9 lifetime 2.110-° sec 
and a tentative value Gn?/4n =4G,"/41, we get 


&4'/8, 71/10. (7) 


This is not inconsistent with the observed beta 
decay of A which seems an order of magnitude 
less than predicted from a universal coupling 
scheme gy’ =g,4'=gy-" 

We can still go further, though the argument 
becomes more arbitrary. Let us assume that a 
fundamental weak coupling (VNNA) gives rise to 
an effective V-A interaction (or at least part of 
it) of the form 

a V A V A 
g v - - aw © * TA" 
Here r Vaty, which is approximately con- 
served by itself, and r,A stands for Eq. (2) or 
(5). We see easily that Eq. (8) contains infor- 
mation about the A~N+7 decay matrix element: 


47 V 
(2M Ve N26 qe , -r A A" (9) 


Combined with the assumption of AT =4 selec- 
tion rule, this gives a lifetime of 2.5x10-*° sec 
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for g’’=gy as compared with the observed value 
2.8x10-*° sec. 

It ‘s possible to apply this kind of considera- 
tion to other hyperons. Moreover, if the Feyn- 
man-—Gell- Mann coupling scheme such as 
(nmev) is formally extended to (Knev), etc. as 
has been tried by some people, all the observed 
decay processes may be covered. Here we 
would like to point out that if all baryons should 
satisfy Eqs. (4) and (6), the ratios g,/G, and 


g,4'/Gz must be approximately common constants. 


Our final remark concerns the theoretical basis 
for the assumptions made here. If the baryons 
are derived from some fundamental field y which 
possesses an invariance under a transformation 
of the type ~— exp(ia-7y,)y,® then there will be a 
conservation of the pseudovector charge-current. 
A finite observed mass can be compatible with 
the conservation if the particle is coupled with a 
boson as was noted in Eq. (1). 

This situation may be understood by making an 
analogy to the theory of superconductivity origi- 
nated by Bardeen, Cooper, and Schrieffer,® and 
refined by Bogoliubov.*® There gauge invariance, 
the energy gap, and the collective excitations are 
logically related to each other as was shown by 
the author.’ In the present case we have only to 
replace them by y, invariance, baryon mass, 
and the mesons. In fact, the mathematical me- 
thod used in superconductivity may be taken over 
to study the self-energy problem of elementary 
particles. It is interesting that pseudoscalar 
mesons automatically emerge in this theory as 
bound states of baryon pairs. The nonzero 
meson masses and baryon mass splitting would 
indicate that the y, invariance of the bare baryon 


field is not rigorous, possibly because of a smaji 
bare mass of the order of the pion mass. 

The above-mentioned model of elementary 
particles will be studied in a separate paper. 
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HELICITY OF NEGATIVE MUONS FROM PION 
DECAY. W. A. Love, S. Marder, I. Nadelhaft, 
and R. T. Siegel [ Phys. Rev. Letters 2, 107 
(1959)]. 


In this Letter we presented preliminary results. 


of an experiment designed to measure the forward- 


backward asymmetry of 8 rays emitted from B’, 
which has been produced by absorption of polar - 
ized muons in carbon (in C,H,,). Continuing 
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measurements have yielded an amended result 
for the asymmetry parameter a, as defined in 
this Letter, of a =(0.64+0.58)%. It thus appears 
that in pentane the B” is depolarized by one of 
the various interactions (quadrupole coupling, 
multiple electron capture and loss, etc.) which 
might cause spin reorientation. Therefore, 2 
definite conclusion about the helicity of the neg- 
ative muon cannot be drawn from our results to 
date. 
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nd 781 published )”” rather than to this Journal. 





. Rey, BAND STRUCTURE OF ALUMINUM. Walter A. 

aa \UCLEAR MAGNETIC RESONANCE IN PARA- Harrison, General Electric Research Labora- 

na MAGNETIC FeF,. J. W. Stout, Institute for the tory, Schenectady, New York (Received January 
Study of Metals, University of Chicago, Chicago, 4, 1960). 

. Rev. § fllinois, and R. G. Shulman, Bell Telephone La- Calculations of the band energies at symmetry 

dern boratories, Murray Hill, New Jersey (Received points in aluminum by Heine are extended into 
January 7, 1960). the zone using the pseudopotential interpolation 


>son 

leaving Anuclear magnetic resonance study of the F’® 
resonance in paramagnetic FeF, is reported. 

yes The hyperfine interactions with the magnetic 


scheme in order to obtain constant-energy curves 
in the neighborhood of the Fermi surface. In 
conjunction with this calculation, the lines of 







: on electrons are measured and shown to be impor- egy between paar bands are found in de- 
i tant in determining the resonance properties. il. The de Haas-—van Alphen effect, cyclotron 
a The isotropic hyperfine interaction indicates the resonance effect, anomalous skin effect, and 

oresence of (0.46 + 0.03)% unpaired 2s spins in low-temperature specific heat are discussed in 
ntly F orbitals from each Fe** ion neighbor. terms of these constant-energy curves and the 
» this results compared with experiment. It appears 
“action from this comparison that the geometry of the 
isen- Fermi surface is given quite well by the band 
erent THEORY OF SUPERCONDUCTING CONTACTS. calculations, but that there is a discrepancy of 
offer R.H. Parmenter, RCA Laboratories, Princeton, a factor of order two between the derived and 
New Jersey (Received January 6, 1960). measured effective masses. A “single-orthog- 
v. onalized-plane-wave approximation” is com- 
alle The Bardeen -Cooper -Schrieffer (BCS) theory pared with the more exact treatment and found 
a of superconductivity is generalized to the case to be a good starting approximation, suitable for 
ofa position-dependent energy gap (at the abso- semiquantitative treatment of the electronic 
lute zero of temperature and in the absence of structure. 
magnetic fields). The BCS integral equation for 
the energy gap goes over into an integro-differ - 
ential equation. The latter has nontrivial solu- ELECTRONIC STRUCTURE OF POLYVALENT 
p (Le., came energy gap) even wed ime enes METALS. Walter A. Harrison, General Electric 
normal material (V=0). Expressions are 
, Research Laboratory, Schenectady, New York 
tttained for the energy gap, for the volume (Received January 4, 1960) 
‘nergy density, and for the surface energy den- : ‘ 
sity at an interface, for both normal and super - A single-orthogonalized-plane-wave approxi- 
sult ‘ducting material. These results are applied mation is defined and used to construct the Fermi 
i in anumber of problems involving supercon- surfaces for face-centered cubic and body- 
ppears “iting contacts. When a thin slice of normal centered cubic metals of valence one through 
ne of material is sandwiched between bulk super - four and for hexagonal close-packed metals of 
ing, ‘ductors, it is found that the slice acts super - valence one through three. The de Haas—van 
vhich ‘nducting for thicknesses less than about 1075 Alphen effect, cyclotron resonance effect, and 
>, a ‘m. When a thin slice of superconductor is anomalous skin effect are discussed in detail in 
> neg- sudwiched between bulk normal material, the terms of these surfaces and the deduced proper- 
Its to illee acts like normal material for thicknesses ties are compared with experiment where suit- 






“ss than about 10-° cm. The energy gap at the able experiments exist. In particular, earlier 
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and equivalent comparisons for lead and for 
aluminum are reviewed, and detailed compari- 
sons with existing experimental data on zinc and 
cadmium are made. It is found that the single- 
orthogonalized-plane-wave approximation is in 
semiquantitative agreement with experiment in 
all of these cases, both as to the form of the 
Fermi surface and its associated effective 
masses. In conjunction with these studies, de- 
tailed descriptions of the apparent Fermi sur- 
faces in zinc and cadmium are given. An exten- 
sion of the method to allow experimental deter- 
mination of a more precise description of the 
band structure is discussed, and the generaliza- 


tion of the method to studies of alloys is outlined. 


THEORY OF DIELECTRIC CONSTANTS OF LiF. 
E. R. Levin, Pitman-Dunn Laboratories, Frank- 
ford Arsenal, Philadelphia, Pennsylvania, and 
E. L. Offenbacher, Temple University, Phila- 
delphia, Pennsylvania (Received January 8, 
1960). 


The static and high-frequency dielectric con- 
stants and the effective charge of LiF are calcu- 
lated on the basis of a simplified model in which 
the polarizability of the positive ion is neglected 
and that of the negative ion is attributed entirely 
to perturbations in the outermost subshell (2p) 
of electrons. The present calculation differs 
from the variational treatment of Yamashita 
mainly in the inclusion of perturbed wave func- 
tions for the 2p electrons which are orthogonal 
to the core-electron wave functions. Also, dif- 
ferent methods are employed in evaluating por- 
tions of the energy of the crystal in a field and 
in deducing the effective charge ratio e*/e from 
the calculated energy. It is found that the use of 
trial wave functions which preserve the orthogo- 
nality within individual ions is of prime import- 
ance, and leads to results in generally better 
agreement with observation than the previously 
used nonorthogonal functions. 


COLLOIDS IN ADDITIVELY COLORED SODIUM 
CHLORIDE. H. W. Etzel, U. S. Naval Research 
Laboratory, Washington, D. C. (Received Janu- 
ary 7, 1960). 


A study has been made of the formation of 
colloids in additively colored sodium chloride. 
Both natural and synthetic single crystals were 
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additively colored by heating in a vapor of sodi- 
um and by injecting electrons from a point 
cathode. Subsequent irradiation with ultraviole 
light and heating of the synthetic crystals pro- 
duced an absorbing type colloid throughout the 
crystal. The same treatment applied to the 
natural crystals produced F centers throughout 
the bulk of the crystal and absorbing-type colloid 
specks at localized points in the crystal. In the 
synthetic crystals the formation of these colloids 
is shown to be related to the presence of hydrox- 
yl ions in the crystals prior to coloration. In 
the natural crystal the formation of such colloids 
is dependent upon the presence of small occlu- 
sions of water distributed randomly in the crystal 
prior to coloration. 


THEORY OF THE TEMPERATURE DEPENDENC 
OF THE MAGNETOELASTIC CONSTANTS OF 
CUBIC CRYSTALS. C. Kittel, Miller Institute 
for Basic Research in Science, University of 
California, Berkeley, California, and J. H. 
Van Vleck, Harvard University, Cambridge, 
Massachusetts (Received January 6, 1960). 


The conventional theory of the variation with 
temperature of the anisotropy of cubic crystals 
is extended to include the magnetoelastic con- 
stants. 


EFFECT OF HIGH PRESSURE ON SOME HOT 
ELECTRON PHENOMENA IN n-TYPE GER- 
MANIUM. S. H. Koenig, International Business 
Machines Watson Laboratory, New York, New 
York, Marshall I. Nathan, International Busi- 
ness Machines Research Laboratory, Pough- 
keepsie, New York, and William Paul and 
Arthur C. Smith,* Gordon McKay Laboratory, 
Harvard University, Cambridge, Massachusetts 
(Received January 8, 1960). 


The pressure dependence of the current den- 
sity vs electric field characteristic for n-type 
germanium at 297°K has been measured to a 
maximum pressure of 30000 kg/cm’, and toa 
maximum field of 10000 v/cm. It is concluded 
that the electrons are “heated” by the field suf- 
ficiently to cause the conduction band valleys 
along the (100) direction in reduced momentum 
space to be appreciably populated with electrons 
at atmospheric pressure. The pressure de- 
pendence of the angle € between current and 
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field at 77°K has been measured to a maximum 
field of 3000 v/em and a maximum pressure of 
5000 kg/cm*. € is independent of pressure ex- 
cept for a small increase for applied fields of 
~3000 v/em. Suggested interpretations for the 
data are given. 


‘Present address: Department of Electrical Engi- 
neering, Massachusetts Institute of Technology, Cam- 
bridge, Massachusetts. 


EFFECT OF CRYSTALLINE FIELDS ON CHARGE 
DENSITIES AND MAGNETIC FORM FACTORS. 

A. J. Freeman, Materials Research Laboratory, 
Ordnance Materials Research Office, Watertown, 
Massachusetts, and Solid-State and Molecular 
Theory Group, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts, and R. E. 
Watson, Solid-State and Molecular Theory Group, 
Massachusetts Institute of Technology, Cambridge, 
Massachusetts (Received January 14, 1960). 


The effects of crystalline fields on 3d charge 
densities and magnetic form factors for transi- 
tion metal ions are discussed on the basis of 
recent theoretical investigations augmented by 
an analysis of optical absorption data. It is 
shown that the crystalline field has two effects 
on the free-ion 3d wave functions and hence on 
their form factors as well: (1) a differentiation 
or “splitting” of the two types of cubic 3d func- 
tions by an expansion of the to (e,) orbitals and 
a contraction of the e ,, (to orbitals resulting in 
two different radial charge densities, and (2) a 
net expansion of the charge distribution from the 
free-ion value. The magnetic form factors due 
to this “splitting” effect when calculated accord- 
ing to the methods of Weiss and Freeman show 
measurable deviations from the free-atom re- 
sults. A form factor for Mn*? based on optical 
absorption data shows a large expansion of the 
3d charge density, in agreement with the mag- 
netic form factor measurements of Hastings, 
Elliott, and Corliss. This agreement, based on 
the use of theoretical F” (3d, 3d) integrals, in- 
dicates that the well-known discrepancy between 
theoretical and experimental values of these 
integrals arises from the fact that the quantities 
obtained experimentally are not true F*(3d, 3d) 
integrals. The crystalline potential due to an 
array of negative-ion charge densities has been 
employed to discuss these various effects and 
their meaning with respect to a proper (essen- 
tially molecular) treatment. 


CRYSTAL POTENTIAL AND ENERGY BANDS OF 
SEMICONDUCTORS. Il. SELF-CONSISTENT 
CALCULATIONS FOR SILICON. Leonard Klein- 
man and James C. Phillips,* Department of 
Physics, University of California, Berkeley, 
California (Received December 11, 1959). 


An approximately self-consistent crystal po- 
tential is constructed for Si from a superposition 
of free-atom core and a sampling of crystal 
valence-band charge densities. Valence-core 
exchange is calculated directly from core wave 
functions while valence-valence exchange is 
included using momentum -independent and 
momentum -dependent approximations taken from 
the results for a free-electron gas. The result- 
ting crystal potential is surprisingly similar to 
one previously obtained by Woodruff from a 
superposition of free-atom charge densities. 

The calculated valence wave functions in the 
core region differ substantially from those of 
Woodruff because of the variational method used 
by him to calculate wave functions in that region. 
As a result the calculated energy gap is changed 
from Woodruff’s value of 4 ev to about 1.5 ev, 

in substantially better agreement with the ex- 
perimental value (1.1 ev). The various uncer - 
tainties in the calculation are listed; it is con- 
cluded that the relative position of levels near 
the band gap should be correct to within about 

l ev. Effective masses are also calculated and 
compared with experiment; the agreement is 
quite good. 

“Present address: Royal Society Mond Laboratory, 
Cambridge, England. 


SURFACE MAGNETOSTATIC MODES AND SUR- 
FACE SPIN WAVES. J. R. Eshbach and R. W. 
Damon, General Electric Research Laboratory, 
Schenectady, New York (Received January 6, 
1960). 


Examination of the spatial configuration of the 
magnetostatic modes of a ferromagnetic body 
shows that those modes whose frequency lies 
between w =y(B;H;)”® and w =y(Hj+2nM) are sur- 
face modes. It is also found that the complete 
spin wave spectrum consists of a set of surface 
spin waves in addition to the spin wave band 
usually considered. The magnetostatic mode 
spectrum thus merges smoothly into the spin 
wave spectrum. 

The characteristic equation for the surface 
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modes on a plane surface at an arbitrary angle 
to the applied dc field is given. The properties 
of the surface modes on plane surfaces and on 

spheroidal bodies are discussed. 


TRANSITION PROBABILITIES FOR THE EX- 
CITED STATE de® 71, OF Cr**. A. M. Clogston, 
Bell Telephone Laboratories, Murray Hill, New 
Jersey (Received January 11, 1960). 


In recent experiments Geschwind has observed 
transitions between the Zeeman components of 
the excited metastable state de® *I, of trivalent 
chromium present as a dilute impurity in Al,O,. 
In first order the transitions are forbidden. In 
third order a number of processes give rise to 
a transition probability and predict g, =0.1, 
consistent with the experimental observations. 
The magnetic moment associated with the transi- 
tion is shown to rotate opposite to the usual 
sense. 


EXPERIMENTAL FUSION CURVES OF INDIUM 
AND TIN TO 105000 ATMOSPHERES. J. Duane 
Dudley* and H. Tracy Hall, Brigham Young 
University, Provo, Utah (Received December 18, 
1959). 


The experimental fusion curves of indium and 
tin have been determined to a pressure of 105000 
atmospheres. The melting point was detected at 
various pressures by means of a sharp increase 
in the electrical resistance of the sample, which 
gave rise to a sudden increase in the sample 
temperature. The melting temperature of in- 
dium was found to rise smoothly from a normal 
value of 156°C to a value of 417°C at 105000 atm. 
The experimental data are fitted very well by 
the Simon equation P/a=(7T/T,)© -1, with a 
=15000 atm, c=4.34, and T,=429°K. No evi- 
dence of polymorphism is observed. A phase 
transition is found for tin, with a triple-point 
on the fusion curve at 38000 atm, 318°C. The 
melting temperature for the first phase rises 
smoothly from its normal value of 232°C to the 
triple-point, and the data are fitted very well by 
the Simon equation with a= 7400 atm, c=11.3, 
T,=505°K. The melting temperature for the 
second phase rises smoothly from the triple- 
point to a value of 500°C at 105000 atm, and the 
data are fitted very well by the Simon-type equa- 
tion (P - 38 000) /21 800 =(7/591)°-** -1. The un- 
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certainty is estimated to be approximately +54 
in the measured melting temperature, +5 4% in 
the pressure calibration, + 20% in the Simon 
coefficient a, and + 2% in the Simon exponent ¢. 


*Present address: Applied Research Division, 
Sandia Corporation, Albuquerque, New Mexico. 


ELECTRICAL CONDUCTIVITY OF X-IRRADIA- 
TED KCl. R. W. Christy and E. Fukushima, 
Dartmouth College, Hanover, New Hampshire 
(Received January 13, 1960). 


The conductivity of Harshaw KCl crystals has 
been measured isothermally as a function of 
time in the temperature range 150-200°C, after 
exposing the crystals at room temperature to 
x-ray doses sufficient to produce about 10’ F 
centers/cm*. Besides the F band, a V band at 
about 5.75 ev is produced. If the F band is elim- 
inated by optical bleaching before the measure- 
ment but the V band remains, the conductivity 
increases monotonically to an asymptotic value, 
which is equal to the conductivity of the unirra- 
diated crystal for virgin samples but is lower 
for samples which have been annealed in air at 
260°C beforehand. If both the F band and the V 
band are present, the conductivity increases 
more rapidly at first, and then decreases to an 
asymptotic value. The behavior is qualitatively 
similar to that previously observed in NaCl, 
though there are significant differences in the 
optical absorption spectrum and temperature 
dependence of the conductivity changes. 


ELECTRON CAPTURE AND LOSS BY HYDRO- 
GEN ATOMS IN MOLECULAR HYDROGEN. 

R. Curran* and T. M. Donahue, University of 
Pittsburgh, Pittsburgh, Pennsylvania (Re- 
ceived November 20, 1959). 


Measurements of the single electron capture 
and loss cross sections for atomic hydrogen in 
molecular hydrogen are reported for atoms of 
energies 4 to 35 kev. Peaks in the loss cross 
section are found which appear to be associated 
with the formation of negative ions in the target 
gas. 


"Present address: Westinghouse Research Labora- 
tories, Pittsburgh, Pennsylvania. 
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GROUND-STATE Q VALUES FOR THE 

s%(p, @)Al?? AND O1*( p, a)N** REACTIONS. 

p. E. White and W. W. Buechner, Department 
of Physics and Laboratory for Nuclear Science, 
yassachusetts Institute of Technology, Cam- 
pridge, Massachusetts (Received December 4, 
1959). ; 


Alpha-particle groups observed during the 
magnetic analysis of charged particles produced 
inthe bombardment of silicon-dioxide targets 
with 8- and 8.59-Mev protons have been identi- 
fied as arising from the reactions Si*°( p, a)Al?’ 
and 0'°( p, aN’. The corresponding Q values 
are -2.366+ 0.010 Mev and -5.206+ 0.010 Mev, 
respectively. 


DECAY OF RUTHENIUM-105. Babulal Saraf, 
P,Harihar, and R. Jambunathan, Atomic Energy 
Establishment, Trombay, Bombay, India (Re- 
ceived June 9, 1959). 


The decay of Ru’® has been studied employing 
two scintillation spectrometers in coincidence. 
tis found that Ru’® decays to the excited levels 
of Rh’ with the emission of six 8 groups, with 
end-point energies of ~125, 525, 915, 1080, 

1150, and ~ 1800 kev, the branching ratios being 
approximately ~0.002, 0.068, 0.11, 0.30, 0.51, 
ad~0.01, respectively. The subsequent y rays 
lave the energies of 130, 265, 320, 400, 475, 

485, 665, 725, 875, 960, 1350, and 1750 kev. 

From y-y and B-y coincidence measurements, a 
level scheme of Ru’® has been worked out, show- 
ing the excited states at 130, 395 (or 530), 475, 
25, 795, 960, 1350, and 1750 kev. 


BETA- AND GAMMA-RAY SPECTRA OF Pd”™?. 

William W. Pratt, Department of Physics, The 

Pennsylvania State University, University Park, 
Pemsylvania, and Robert G. Cochran,* College 
Engineering and Architecture, The Pennsyl- 

via State University, University Park, Penn- 
ylvania (Received January 6, 1960). 


Beta rays of 2.18 Mev and gamma rays of 
1377, 0.580, 0.620, 0.810, 1.380, and 1.450 
Mev were found in the decay of the 22-minute 
omer of Pd", Beta rays of 2.02 Mev and 
fmma rays of 0.170 and 1.690 Mev were found 
ssociated with the 5.5-hour isomer. Although 
te beta-ray groups may both represent the 


decay of the 22-minute state, the dissimilarity 
of the gamma-ray spectra implies some degree 
of beta-ray branching from the 5.5-hour state. 


“Present address: Department of Nuclear Engineer- 
ing, The Texas Agricultural and Mechanical College, 
College Station, Texas. 


EFFECTS OF A NUCLEAR OCTUPOLE MO- 
MENT ON NEUTRON SCATTERING. Kirk W. 
McVoy,* Brookhaven National Laboratory, 
Upton, New York (Received December 9, 1959). 


Recent applications of the nuclear optical mo- 
del to the description of neutron scattering by 
spheroidal nuclei have shown that “ shape ef- 
fects” are very important for highly deformed 
nuclei. It has also been found that the “adiabatic 
approximation,” which assumes the nucleus to 
be rigidly fixed in orientation throughout the 
scattering, is remarkably accurate for very 
low-energy (S-wave) neutrons. 

The first part of the present paper is devoted 
to a detailed investigation of this approximation, 
showing that the major factor determining its 
validity for the heavy nuclei to which it has been 
applied is the large size of the “effective rotating 
mass” of the nucleus in comparison to the neu- 
tron mass. This is analogous to the Born- 
Oppenheimer approximation in molecular phys- 
ics, where the large ratio of nuclear to elec- 
tronic mass enables one to calculate electronic 
wave functions by considering the slower nuclear 
motion to be “frozen” completely. 

The second purpose of the paper is to investi- 
gate the effect of a “pear-shaped” deformation, 
or octupole moment, of the nuclear optical po- 
tential on the S-wave neutron strength function. 
(A square-edged potential well is used, which is 
somewhat similar in its effect to a rounded-edge 
well with a smaller imaginary potential.) This 
is done for the very heavy nuclei, 225<A<240, 
where the possibility of octupole deformations 
has been suggested by other data. The effect of 
a small octupole moment for these particular 
nuclei is found to be largely masked by the 
nearly indistinguishable effect of their large 
quadrupole moments, and, in view of the uncer- 
tainty in their measured quadrupole moments, 
neutron scattering at this time cannot be said to 
provide any positive evidence of octupole mo- 
ments. On the contrary, if the quadrupole mo- 
ments reported from Coulomb excitation meas- 
urements are employed, the measured neutron 
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strength function puts an upper limit on the 
octupole moments of about one-third the quad- 
rupole moment. More accurate data, both on 

the neutron strength function (as well as R’) and 
on the quadrupole moments, would permit a 
more accurate estimate of the octupole moments. 


‘Present address: Brandeis University, Waltham, 
Massachusetts. 


CONVERSION, K-AUGER, AND L-AUGER 
SPECTRA OF Hg’. J. C. Nall, Q. L. Baird,* 
and S. K. Haynes, ! Department of Physics, Van- 
derbilt University, Nashville, Tennessee (Re- 
ceived December 17, 1959). 


The high resolution of the spectrometer made 
possible the detailed study of K, L, M,N +0 con- 
version lines and the K- and L-Auger spectra 
of Au’® with the following results (here w and a 
are the fluorescence and Auger yields and fj; is 
the Coster -Kronig transfer probability): K-Auger 
lines, wy = 0.9524 0.003, KLL:KLX:KXY =1.00: 
0.496 + 0.015:0.094+ 0.003, and KLyLy:KLyLy: 
KLyLy 
0.85+ 0.06:0.40+ 0.03:1.28+ 0.08:0.76+ 0.05; L- 
Auger lines, LMM:LMX:LXY = 1.00:0.302 0.03: 
0.015+ 0.004, and a, =0.590+ 0.04, w, =0.410 
+ 0.04, a(Ly) =0.1640.02, a(Lyq) = 0.46+ 0.04, 
w(Lyy) = 0.32+ 0.03, and Coster -Kronig yields, 
=0.74+0.04. In addition considerable detail was 
obtained on the KLX and L-Auger fine structure. 
The results of all of the known L -Auger yield 
work since 1952 have been tabulated in this 
paper. 

The conversion line results are compared and 
combined with those of two other groups to give 
an optimum set of relative intensities. 

From these are obtained for the 51-kev transi- 
tion, a(Ly):a(Lyq):a(Lyyq):@(M):a(N):a(O) = 1.00: 
0.087 + 0.010:0.012 + 0.007:0.212 + 0.04:0.068 + 0.005: 
0.016+ 0.001; 156-kev transition, a(K):a(Ly): 
ae (Ly): (L yyy): (M) 2 (N + O) = 1.00:0.144 + 0.015: 
0.830+ 0.028:0.586+ 0.018:0.418+ 0.017:0.107 
+ 0.005; 209-kev transition, a(K):a(L7):a(Ly): 
ae(L yyy) :a(M) :a¢(N + O) = 1.00:0.155+ 0.005:0.029 
+ 0.003:0.0085 + 0.0003:0.050 + 0.008:0.0130+ 0.004, 
where a is the internal conversion coefficient. 
efficient. 

In addition, by use of Rose’s Tables the 51-kev 
transition was determined to be (3.34 1)x107* E2, 
and the 209-kev transition (0.113+ 0.01) £2, and 
the E2 assignment of the 158-kev transition was 
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SALyly: ALyl yy: ALL y= 1.00:1.32+0.1: 


— 


confirmed to better than 1%. The relative gamm. 
ray intensities are 209 kev:51 kev:158 kev = 1.09. f 
0.045 + 0.002:4.59 + 0.23. 


*Now at Argonne National Laboratory, Lemont, 
Illinois. 

TNow at Michigan State University, East Lansing, 
Michigan. 


He-ION INDUCED REACTIONS OF ALUMINUM 
AND MAGNESIUM. Richard H. Lindsay, De- 
partment of Physics, Washington State Univer- 
sity, Pullman, Washington, and Robert J. Carr, 
Department of Chemistry, Washington State 
University, Pullman, Washington (Received 
December 14, 1959; revised manuscript re- 
ceived March 1, 1960). 


The Al*’(a, 3p)Mg”* and Mg”*(a, 2p)Mg”® re- 
actions produced by the bombardment of alumi- 
num and magnesium targets with 42-Mev He 
ions have been studied. The excitation functions 
for these reactions are presented. At 40-Mev 
He-ion bombarding energy, the cross section 
for the (a, 3p) is about 80 microbarns and the 
peak yield of the (a, 2p) reaction observed at 
34 Mev is 1.65 mb. Excitation functions are also 
given for the production of Na” from the bom- 
bardment of aluminum with 30-42 Mev He-ions, 
which proceeds chiefly through the reaction 
Al*"(a, 2an)Na”*, and of Na™ from the bombard- 
ment of natural magnesium, primarily through 
the Mg**(a, ap)Na™ reaction. 


BETA DECAY OF Y®. O. E. Johnson and W. G. 
Smith, Physics Department, Purdue University, 
Lafayette, Indiana (Received January 11, 1960). 


The decay of Y" was studied using Nal(T1) 
scintillation counters and a 47 beta-ray scintil- 
lation spectrometer. A single gamma ray with 
a measured energy of 1.208+ 0.010 Mev was ob- 
served. The shape and end-point energy of the 
weak (~0.3%) beta group in coincidence with the 
1.208-Mev gamma ray was measured. The end- 
point energy was determined to be 0.319 + 0.010 
Mev. The experimental shape factor is clearly 
in disagreement with that predicted for a once- 
forbidden unique transition, AJ=2 (yes). The 
0.319-Mev beta spectrum yields a shape factor 
which may, within experimental accuracy, be 
interpreted as a statistical shape. These meas~- 
urements yield a Y” -Zr™ mass difference of 
1.527+ 0.014 Mev. 
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LEVELS IN Bi*"° FROM THE Bi?*(d,p) REAC- 
TION. G. B. Holm,* J. R. Burwell,? and D. W. 
Miller, Department of Physics, Indiana Univer- 
sity, Bloomington, Indiana (Received December 
21, 1959). 


Qvalues and differential cross sections have 
been measured for nuclear states in Bi?*° ex- 
cited by the Bi?°°(d,p) reaction. A previously 
unobserved group with Q=2.35+ 0.03 Mev has 
been found, corresponding to a state with prob- 
able proton-neutron assignment (h,,g,,). The 
observed Q value for this state is in good agree- 
ment with the Q value expected for the 1- ground 
state of RaE. Groups of states with mean ex- 
citation of 0.41, 0.88, and 1.4, 2.02, 2.56, 2.81, 
3.15, and 4.03 Mev have been found, and neutron 
assignments Of Zo, 41:0, Ise, Sis S22» Ise, and 
hyp have been suggested. A comparison with theo- 
retical calculations by Newby and Konopinski for 
the (hg,8g.) group of states gives further support 
to their observation that a calculation of levels 
in the neighborhood of Pb?” is far less accurate 
when the extra-core interaction type is proton- 
neutron than when it is neutron-neutron or 
protun-proton. 

‘On leave from the Nobel Institute of Physics, 
Stockholm, Sweden. 

TNow at the University of Oklahoma, Norman, 
Oklahoma. 


(p,p’y) ANGULAR CORRELATIONS AT LOW 
ENERGY. H. J. Hausman, G. F. Dell, and H. F. 
Bowsher, Department of Physics, The Ohio 

State University, Columbus, Ohio (Received 
December 4, 1959). 


At an incident proton bombarding energy of 
6.5 Mev, angular correlations have been meas- 
ured between protons scattered inelastically 
from various even-even nuclei and the decay 
gamma rays from the first excited states of 
these nuclei. Among the angular correlation 
experiments reported are C**( p, p’y) 4.4 Mev, 
Ne(p, p’y) 1.63 Mev, Si?8(p, p’y) 1.78 Mev, and 
S"(p, p’y) 2.25 Mev, which were done for proton 
detector angles of 60°, 90°, and 120°. The 
measured angular correlation functions are all 
of the form A + Bisin’2(6, -69)], where § is the 
axis of symmetry. None of the symmetry 
directions agreed with predictions of the simple 
direct-reaction theories. However, the sym- 
metry directions for the correlation functions 
changed with proton detector angle for the ex- 





periments on C’*, Ne*°, and S**; for the experi- 
ment on Si” the angular correlation functions 
were symmetric about 90°, independent of pro- 
ton detector angle. The results of the angular 
correlation experiments appear to be consistent _ 
with a collective interaction involved in these 
direct-type reactions rather than a nucleon- 
nucleon type collision at the nuclear surface. 


SYSTEMATICS OF NEUTRON SEPARATION 
ENERGIES. K. N. Geller, J. Halpern, and 

E. G. Muirhead, * Physics Department, Univer- 
sity of Pennsylvania, Philadelphia, Pennsylvania 
(Received December 14, 1959). 


Photoneutron thresholds for 73 isotopes have 
been measured by radioactivity and neutron 
detection methods using a 25-Mev betatron. The 
neutron separation energies inferred from the 
observed thresholds are in general agreement 
with the values predicted from mass data and 
reaction energies. Several discrepancies are 
observed between threshold and neutron binding 
energies where ground-state transitions require 
a spin change > 7/2. For these nuclei, the 
threshold energies are consistent with neutron 
emission leaving the residual nucleus in an ex- 
cited state. 


*Permanent address: University of Melbourne, 
Melbourne, Australia. 


ANALYSIS OF (d, t) PICK-UP REACTIONS. 
Amélia Império Hamburger, Sarah Mellon Scaife 
Radiation Laboratory, University of Pittsburgh, 
Pittsburgh, Pennsylvania (Received December 
10, 1959). 


A comparison is made between (),d) [or (d, p) | 
and (d,t) pick-up reactions involving transitions 
between the same nuclear levels. Eleven cases 
are studied, having transfer orbital angular 
momentum /=0, 1 or 2, for nuclei from Li® to 
Mg”> (also Sn™”), and for incident energies of 
the order of 15 Mev. It is found that if the dif- 
ferential cross sections of the corresponding 
(d, p) and (d, t) reactions are plotted as functions 
of momentum transfer the curves differ by a 
factor independent of angle. This property holds 
primarily in the region of the first peak of the 
angular distribution. Towards larger angles 
the curves differ in shape. Because of the 
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proportionality between the curves in the for- 
ward direction, it is possible to obtain an ex- 
pression for extracting the stripping reduced 
width of (d,t) reactions. This reduced width 
corresponds to the reduced width of the same 
transition when studied by a (d,p) process. No 
emphasis is placed on the interpretation of the 
results in terms of the structure of the triton. 

An attempt is made to determine the triton 
momentum transform directly from an analysis 
of the d+d~p+t experiments, considering 
these as stripping reactions. It was not possible 
to apply the curves thus obtained to the (d, ¢) 
reactions in the heavier nuclei. 

The experiment F’*(d, ¢)F**® ground state was 
performed with 14.8-Mev deuterons, for angles 
§lab between 5° and 45°. The results extend 
the information about transitions with /=0. 


ENERGY SPECTRA AND ANGULAR DISTRI- 
BUTION OF PHOTONEUTRONS FROM CARBON. 
V. Emma, C. Milone, and A. Rubbino, Istituto 
di Fisica dell’ Universita, Centro Siciliano di 
Fisica Nucleare, Catania, Italy (Received Jan- 
uary 5, 1960). 


Energy spectra and angular distribution of 
photoneutrons from carbon are studied by ir- 
radiation with a 30-Mev bremsstrahlung beam. 
The spectra exhibit a fine structure from which 
the following levels in C’* may be distinguished: 
21.4, 22.2, 22.9, 23.6, (24.3), 24.8, and 25.6 
Mev. Many of these coincide with levels found 
in the C'*(y, p) and C'*(y, 3a) reactions. 

Photoneutron emission occurs predominantly 
by transition to the ground state of C™. 

The angular distribution is of the form 
1+1.5 sin’6@ for all neutrons having energy 
E,,>3 Mev. This distribution agrees with that 
expected according to Wilkinson’s independent - 
particle model for ejection from the /=1 orbit. 


DEPENDENCE OF THE In"** ACTIVATION 

RATIO ON NEUTRON ENERGY. Fahri Domanic* 
and Vance L. Sailor, Brookhaven National Labora- 
tory, Upton, New York (Received December 4, 
1959). 


Indium was irradiated with monochromatic neu- 
trons of various energies, and a measurement 
was made of the ratio of the 54-minute to the 13- 
second activities of In’*® produced by neutron 
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capture in In™°. Such a ratio expresses the rela. 
tive probability for populating the ground state 
or the isomeric state from the initial compound | 
state. The irradiations were made with mono- 
chromatic neutrons from a crystal spectrometer 
at the resonance energies 1.456 ev and 3.86 ev, | 
in regions between resonances at 0.1 and 2.66 ey, 
and with “pile neutrons.” The results show that 
the activation ratio differs for the two resonances 
by a factor of approximately 3.5, with relatively 
more of the 13-second activity being associated 
with the 3.86-ev resonance. The half-lives of | 
the two In" activities were redetermined and 
the values 13.4+0.4 seconds and 53.9+0.2 
minutes were obtained. 





| 


“On leave from the University of Ankara, Ankara, 
Turkey. 


LOW-ENERGY PHOTODISINTEGRATION OF 

H*® AND He* AND NEUTRON-DEUTERON SCAT- 
TERING. L. M. Delves,* Clarendon Laboratory, | 
Oxford, England (Received December 11, 1959; | 
revised manuscript received January 4, 1960). 


The cross sections for electric dipole photo- 
disintegration of H*® and He* at low energies are 
expressed in terms of the effective range param- | 
eters of the doublet n-d scattering matrix. 
Agreement with the experimental results is 
possible for either set of n-d scattering lengths. 

*Now at Massachusetts Institute of Technology, 


Laboratory for Nuclear Science, Cambridge, Massa- 
chusetts. } 


TOTAL GAMMA ABSORPTION IN C”, N*, 0%, 
AND Al?” AT 20 Mev. E. E. Carroll, Jr.* and 
W. E. Stephens, Department of Physics, Uni- 
versity of Pennsylvania, Philadelphia, Penn- 
sylvania (Received December 21, 1959). 


Total gamma absorption cross sections were 
measured of C™ from 20.0 to 21.2 Mev, and of 
N**, O'*, and Al?” from 20.0 to 20.5 Mev using 
monochromatic gamma rays. A direct absorp- 
tion technique was used, utilizing T°(p, y)He* 
photons, varied in energy by changing the energy 
of the incident protons. The C™ cross section 
showed structure with possible resonances at 
20.15 Mev, 20.46 Mev, and 20.92 Mev, with 
integrated cross sections of 1.1, 1.0, and 6.6 
Mev millibarns, respectively. O'* showed a 
sharply rising cross section suggesting a strong 
resonance above about 20.3 Mev. The cross 
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sections of N** and Al*” were smooth over the 
energy interval investigated. 

‘Now with the Westinghouse Electric Corporation, 
Bettis Atomic Power Laboratory, Pittsburgh, Penn- 
sylvania. 


PION PRODUCTION BY PIONS. Walton A. Per- 
kins, I, John C. Caris, Robert W. Kenney, and 
Victor Perez-Mendez, Lawrence Radiation 
Laboratory, University of California, Berkeley, 
California (Received October 7, 1959). 


A liquid hydrogen target was bombarded by 
negative pions of energies 260, 317, 371, and 
427 Mev. Positive pions from the reaction 
1 +p~-1*+m +n were detected by the use of a 
counter telescope, that selected the 1 by its 
characteristic 7- decay. With the 260-Mev 
beam, 7* mesons were counted at 90° in the 
laboratory system. At 317, 371, and 427 Mev, 
the differential cross section was measured for 
1* mesons emitted at 60°, 90°, 125°, and 160° in 


| the center-of-mass system. The angular dis- 


eA 








tributions are nearly isotropic at 317 and 371 

Mev but are peaked forward at 427 Mev. The 

total cross sections are 0.14+0.10 mb at 260 

Mev, 0.71+0.17 mb at 317 Mev, 1.93+0.37 mb 

at 371 Mev, and 3.36+0.74 mb at 427 Mev. These 
results indicate a much larger cross section than 
the theoretical prediction based on the static 
model. Reasonable agreement can be obtained 

by the inclusion of a pion-pion interaction in the 
production mechanism. 


INTERACTIONS OF FAST » MESONS IN LEAD 
WITH SMALL-ENERGY TRANSFER. J. de Pag- 
ter* and R. D. Sard, Department of Physics, 
Washington University, St. Louis, Missouri 
(Received September 25, 1959). 


With the Pb target material divided into 1.27- 
cm slabs between hodoscoped Geiger tubes and 
surmounted by a magnet cloud chamber, a study 
has been made of the interactions of fast » mesons 
in which at least one evaporation neutron is pro- 
duced and no additional charged particles emerge 
from the slab. The cross section-average neu- 
tron multiplicity, om, is (15.24 2.1) x10-?° cm? per 
nucleon. From hodoscope observations without 
neutron coincidence it is found that for an electron- 
initiated shower to stay concealed in a 1.27-cm 
Pb plate its energy must be less than about 100 


Mev. With the help of “approximation B” track 
length theory and experimental photonuclear neu- 
tron yields, we calculate that hidden knock-on 
showers contribute (5.84 1.2) x10~?° to the total 
om, leaving (9.4+ 2.4) x10-?® cm? per nucleon as 
the result for the direct .-meson nuclear inter- 
action. This analysis is supported by the agree- 
ment between the number of visible showers ob- 
served and calculated. The neutron yield in the 
direct interaction is found to increase with ,- 
meson momentum. The Weizsacker-Williams 
approximation is used to calculate the effect ex- 
pected from the interaction between the electric 
charge of the » meson and the nucleons. Within 
the rather large uncertainties involved in the 
use of this approximation, there is excellent 
agreement with the experimental results. 


"Now at the Cambridge Electron Accelerator, 
Harvard University, Cambridge, Massachusetts. 


HIGH-ENERGY NEUTRON BEAM OF 45% 
POLARIZATION. Douglas Miller and Russell 
K. Hobbie, Cyclotron Laboratory, Harvard Uni- 
versity, Cambridge, Massachusetts (Received 
January 11, 1960). 


A beam of polarized neutrons has been pro- 
duced by allowing the 164-Mev internal proton 
beam of the Harvard synchrocyclotron to strike 
a beryllium target. The neutrons produced in 
the forward direction are then polarized by 
scattering from carbon at 15°. When neutrons 
of energy greater than 110 Mev are selected by 
the detection process, an average beam energy 
of 124 Mev results. An intensity of 2.9105 neu- 
trons/in.? min through a 2-in. by 6-in. collimator 
has been obtained, with a polarization 0.447+ 
0.020. The shielding techniques are also dis- 
cussed. 


ELECTROMAGNETIC CORRECTIONS TO THE 
RATIO o( p +d ~H* +1*)/o( p +d —He*+n°). H.S. 
Kohler,” CERN, Geneva, Switzerland (Received 
December 11, 1959). 


Electromagnetic corrections to the ratio be- 
tween charged and uncharged pions produced 
along with either a triton or helium-3 from 600- 
Mev protons incident on deuterium have been 
estimated. It was found that the main correction 
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comes from the difference in triton and helium-3 
wave functions. It was not found possible to cor- 
rect unambiguously for the effects of mass dif- 
ference between charged and uncharged pions. 
An enhancement of around 10% of positive pions 
was obtained with an estimated uncertainty of 
+3%. The result agrees with experiments at 
CERN. 


*Now at Laboratory of Nuciear Studies, Cornell 
University, Ithaca, New York. 


ANTIPROTON INTERACTIONS IN HYDROGEN 
AND CARBON BELOW 200 Mev. Lewis E. 
Agnew, Jr., Tom Elioff, William B. Fowler, 
Richard L. Lander, Wilson M. Powell, Emilio 
Segré, Herbert M. Steiner, Howard S. White, 
Clyde Wiegand, and Tom Ypsilantis, Lawrence 
Radiation Laboratory, University of California, 
Berkeley, California (Received December 18, 
1959). 


About 500 antiprotons in a partially purified 
antiproton beam have been observed to enter the 
30-in. propane bubble chamber. An arrangement 
of counters identified the antiproton events, thus 
reducing scanning to a minimum and also pro- 
viding a sample of antiprotons free of scanning 
bias. The antiprotons entered the propane at a 
kinetic energy of 220 Mev and were brought to 








rest. Scattering and annihilation interactions ip 
both hydrogen and carbon have been observed as 
a function of antiproton energy. Differential 
scattering cross sections have been obtained, 
and the following total cross sections have been 7 
measured for antiproton kinetic energies, T, in | | 
the ranges 75 to 137.5 Mev and 137.5 to 200 Mey: 








Cross section, o (mb) 








I 

Bt 

Interaction 75<T<137.5 137.5=T<20! | 

a é 

(p-p) elastic 66 +17 56 +14 ( 

(p-p) annihilation 112 + 23 60 +18 I 

(p-C) elastic t 

[5 deg (lab) cutoff] 345 + 60 255 +45 : 

as t 
(p-C) annihilation 474 + 76 360 + 65 








The above results show satisfactory agreement 
with the Ball-Chew theory where comparison 
can be made. 

The details of the annihilation process in hydro- 
gen and carbon have been observed. One feature 
of the experiment is that, in contrast to previous 
studies of annihilation products, we are able to A 
make a direct observation of the neutral pions T 
through pair production by 7° decay photons. The} nm 
significant results for carbon and hydrogen an- | ¢ 
nihilations at an average antiproton kinetic energy 
=100 Mev are: 


nan wm wb RY mw << 

















Hydrogen annihilations Carbon annihilations n 

8 

Annihilation Average total Average total b 
product Multiplicity energy (Mev) Multiplicity energy (Mev) ei 
a Nii ae i 
“ 1.53 + 0.08 402 +21 1.58 + 0.07 366 + 13 tol 

nt 1.53 + 0.08 379 +19 1.33 + 0.08 371 +13 he 

r® 1.60 + 0.50 356 + 110 1.15 + 0.30 342 + 90 ve 

CO 

co 

—_—— int 


In addition to the above-listed annihilation 
products, the carbon stars contained nucleons 
that carried off more than 188 Mev per star. 
When pion absorption is considered, the carbon 
result of 4.1+0.3 pions per annihilation is con- 
sistent with the observed hydrogen multiplicity 
of 4.7+0.5 pions. Pion energy spectra and fre- 
quency distributions, as well as other details, 
have been obtained. 

Seventeen strange particles have been identified 
among the products of all the annihilations. This 
indicates that the production of a pair of K mesons 
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occurs in (4.0+1.0)% of all annihilations. The [{ ™ 
average total energy per K pair is greater than > “% 
1200 Mev. to: 
















The charge-exchange process p +p —fi +n has sio 
been observed and, based on six possible events, | % 
we obtain the result A > 630 g/cm? for the mean § ™ 
free path in propane (50< TS < 150 Mev). 2 

“Now at Los Alamos Scientific Laboratory, Los af § 
Alamos, New Mexico. 

TNow at Brookhaven National Laboratory, Upton, 7 
New York. Uni 
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COMPLETE DETERMINATION OF POLARIZA- 
TION FOR A HIGH-ENERGY DEUTERON BEAM. 
Janice Button, Lawrence Radiation Laboratory, 
Berkeley, California, and Ronald Mermod, 
CERN, Geneva, Switzerland (Received Decem- 
ber 2, 1959). 


Double-scattering measurements have been 
made which yielded all parameters necessary 
to describe completely the interaction of the 
deuteron with complex nuclei. Deuterons of 410 
and 420 Mev were scattered from beryllium and 
carbon, respectively. Tensor components of 
polarization, which should appear in the scat- 
tering of spin-1 particles and which were un- 
observable at low energies, were determined 
to be appreciably different from zero. The usual 
vector spin polarization normal to the plane of 
scattering was found to reach a maximum of 
about 70%. The impulse approximation was 
employed to obtain estimates of deuteron cross 
section and polarization on the basis of nucleon 
scattering data. 


ANGULAR MOMENTUM EXPANSIONS IN RELA- 
TIVISTIC FIELD THEORY. Robert Lee War- 
nock,* Harvard University, Cambridge, Massa- 
chusetts (Received October 30, 1959). 


As a step toward more general applications 
of angular momentum expansions in quantum 
field theory, the expansion of the scattering 
matrix is examined in the case of scattering of 
spin 0 by spin § particles. The matrix is 
represented in terms of its eigenvalues and 
eigenvectors, the latter being eigenstates of 
total angular momentum. Using eigenstates of 
helicity to simplify the discussion, the eigen- 
vectors may sometimes be obtained from the 
conservation laws alone. The eigenvalues are 
computed only to second order in a Yukawa 
interaction, but the results are more useful than 
the usual second order matrix elements. Since 
angular momentum expansions lead effectively 
to solutions of operator equations, the expres- 
sions derived facilitate the relativistic applica- 
tion of Heitler’s unitary approximation (with an 
exact solution of the equation relating the 
transition operator T and the Hermitian re- 
action operator K) or the determinantal method 
of Schwinger and Baker. 


- 
Present address: Department of Physics, Boston 
thiversity, Boston, Massachusetts. 


PION PRODUCTION IN MUON-NUCLEON COL- 
LISIONS. G. von Gehlen,* Instituto di Fisica 
dell’ Universita di Roma, Rome, Italy (Re- 
ceived November 2, 1959). 


A relation between the differential cross sec- 
tions for certain angles and energies of inelastic 
electron scattering and inelastic muon scattering 
is given. The asymmetry of the pion production 
by longitudinal polarized muons has been calcu- 
lated using Fubini- Nambu-Wataghin matrix ele- 
ments. 


* 
On leave of absence from University of Marburg/ 
Lahn, Germany. 


QUANTIZED MESON FIELD IN A CLASSICAL 
GRAVITATIONAL FIELD. Tsutomu Imamura,* 
Department of Physics, University of North 
Carolina, Chapel Hill, North Carolina (Received 
January 4, 1960). 


The behavior of a quantized meson field ina 
classical gravitational field is examined. Physi- 
cal quantities such as the expectation value for 
the number of created mesons are represented 
in terms of a formal Green’s function. They are 
computed explicitly for the case of a special 
space-independent gravitational field. The in- 
adequacy of standard iteration procedures is 
discussed in an Appendix. 


“on leave of absence from Osaka University, Osaka, 
Japan. 


ANALYTICITY PROPERTIES OF PRODUCTION 
AMPLITUDES. R. Ascoli* and A. Minguzzi, 
CERN, Geneva, Switzerland (Received Decem- 
ber 28, 1959). 


We study the analytic properties of production 
amplitudes as functions of the momentum trans- 
fer A® between one of the incoming particles and 
one of the outgoing particles, when the total 
energy and the three further parameters de- 
termining the relative motion of the three out- 
going particles in the center-of-mass system 
are held fixed. We find that suitable combina- 
tions of the amplitudes are analytic functions of 
A? regular within an ellipse in the A? plane. It 
is also shown that in the same domain the cross 
section 070/8A78w? is an analytic and regular 
function of A?, w? being the total mass of two of 
the outgoing particles. The poles in A? con- 
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